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Abstract 

Cellulases are important industrial enzymes, and they are already today utilized 
for example in the pulp and paper and textile industries. Due to their application 
potential in so-called second generation bioethanol production, starting from 
lignocellulosic raw materials, cellulases are currently in the centre of attention. 
Especially cellobiohydrolases are the key enzymes in total hydrolysis of biomass 
based processes. The currently known cellobiohydrolases from GH family 7 are, 
however, not highly active under industrial conditions. 

In this work two different approaches were taken to improve the hydrolysis of 
crystalline cellulose. Firstly, thermotolerance and activity of two known fungal 
cellobiohydrolases from GH7 family was improved by protein engineering and 
secondly novel cellobiohydrolases were studied. 

Engineering of GH7 cellobiohydrolases has been hindered because of 
difficulties in heterologous expression in a bacterial or yeast host. In this study a 
functional yeast expression system was developed for two single-module 
cellobiohydrolases. This heterologous expression system enabled protein 
engineering by random mutagenesis and site-directed mutagenesis. Random 
mutagenesis, carried out with error-prone PCR and followed by functional 
screening with an automated, thermostability screening method, was used for 
improving the thermostability of Melanocarpus albomyces Cel7B (Ma Cel7B). 
The stability and activity of Ma Cel7B was further improved through structure-
guided protein engineering by introducing an additional disulphide bridge and a 
carbohydrate binding module. Rational mutagenesis was also used for 
engineering Talaromyces emersonii Cel7A (Te Cel7A). Altogether five individual 
S-S bridges were introduced to improve the stability of Te Cel7A. Three out of 
these five single S-S mutants had a clearly improved thermostability. These 
mutations were combined in a triple mutant, which had significantly improved 
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unfolding temperature (by 9°C) and ability to hydrolyse microcrystalline 
cellulose at 80°C. 

In addition to the mutagenesis studies of known cellobiohydrolases, we found 
novel GH-7 family cellobiohydrolases, which have high activity on insoluble 
polymeric substrates. Three family 7 cellobiohydrolases originating from 
thermophilic fungi Acremonium thermophilum, Thermoascus aurantiacus and 
Chaetomium thermophilum were characterized and compared to the widely 
studied Trichoderma reesei Cel7A enzyme. The comparison revealed that all 
these novel cellobiohydrolases are promising for application purposes, because 
they were more thermostable than T. reesei Cel7A and more active in the 
hydrolysis of microcrystalline cellulose (Avicel) at 45°C. 
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1. Introduction 

The action of microbial cellulolytic enzymes plays a crucial role in the carbon 
cycle on earth as they reduce the most common organic polymer, cellulose, to an 
exploitable form, glucose. Cellulases also have industrial importance due to their 
many applications for example in the pulp and paper and textile industries. Although 
these applications are economically important, the industrial importance of 
cellulases could rise to a new level if the utilisation of cellulose as a raw material 
for biofuels were to emerge and become economically feasible. The enzymatic 
production of fermentable sugars from cellulosic raw materials has only recently 
been initiated in full industrial scale. The use of enzymes instead of chemicals in 
cellulose hydrolysis supports sustainable development, but there is need for 
improvement of the efficiency of commercially available enzymes. 

This work describes protein engineering studies to improve the thermostability 
and activity of fungal Cel7 cellobiohydrolases, the key enzymes in the 
hydrolysis of crystalline cellulose. In addition, the presented work also describes 
the characterization of novel, thermostable cellulases. 

1.1 Cellulose 

Most of the organic carbon on earth is bound up in plant material, and it is 
estimated that globally between 1010 and 1011 tonnes of cellulose are synthesized 
and also hydrolysed every year (Hon, 1994). The cellulose content of plant cell 
walls varies generally between 35 and 50 %. The crystalline cellulose fibrils in 
cell walls (of wood) are about 2.5 nm in diameter and are embedded in an 
amorphous hemicellulose–lignin matrix. Cellulose is found almost exclusively in 
plant cell walls, although it is also produced by some algae (e.g. Cladophora 
sp.), animals (e.g. tunicates) and a few bacteria e.g. Acetobacter xylinum (Atalla 
and Van der Hart, 1984; Ross et al., 1991). The complex structure of plant cell 
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1. Introduction 

walls is the dominant limiting factor for utilization of untreated raw materials of 
plant origin, but cellulolytic fungi and bacteria living in plant litter have evolved 
to degrade these materials in order to obtain a supply of energy and carbon. The 
most recalcitrant component of plant cell walls, lignin, is known to be efficiently 
depolymerised only by white rot fungi although it is generally believed that 
lignin depolymerization is necessary to gain access to cellulose and hemicellulose 
(Cullen and Kersten, 2004). 

1.1.1 Crystal structure of cellulose 

Cellulose is chemically a simple molecule, as it is a linear monopolysaccharide 
of anhydroglucose residues connected by β-1,4 linkages. Each residue is tilted 
by 180° with respect to its neighbours, making anhydrocellobiose the smallest 
structural subunit (Fig. 1). A cellulose molecule forms hydrogen bonds with 
itself (intra-molecular H-bonds) and with other cellulose chains (inter-molecular 
H-bonds), which induces spontaneous crystallisation of the chains to form 
bundles called microfibrils. The microfibrils associate to form fibrils that finally 
build up the cellulose fibre (Hon, 1994), which has a structural role in the cell 
wall, providing strength and contributing to the shape of the cell. A recent 
investigation by Ding and Himmel (Ding and Himmel, 2006) suggested that the 
cellulose microfibril in plant cell walls is composed of 36 cellulose chains with a 
total of six sheets only. Of these 36 chains, only the inner chains are crystalline 
in nature, whereas the outer chains are non-crystalline. 

 

Fig. 1. Molecular structure of cellulose (n = DP, degree of polymerisation). 
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1. Introduction 

Pure cellulose can exist in different crystalline forms. Native crystalline 
cellulose, which is called cellulose I can exist in two different crystalline forms: 
cellulose Iα and cellulose Iβ (Fig. 2). The proportions of these forms vary 
depending on the source of cellulose, Iα being more prominent in celluloses of 
algal and bacterial origin and Iβ in higher plants (Atalla and Van der Hart, 1984). 
The fundamental difference between these allomorphs is that Iα is less stable and 
can be irreversibly converted into Iβ by hydrothermal treatment (Sugiyama et al., 
1990; Yamamoto et al., 1989). The structures of cellulose Iα and Iβ have been 
determined using synchrotron and neutron diffraction data; cellulose Iα arranges 
in a triclinic and cellulose Iβ in a monoclinic lattice. Within these celluloses, the 
chains are arranged in a parallel orientation to form layers, which are stabilised 
by inter- and intra-molecular hydrogen bonds and by van der Waals interactions. 
The layers are furthermore stacked to form the crystal lattice. The layer stacking 
has been thought to be due to only van der Waals interactions, but the atomic 
structures, solved by synchrotron X-ray and neutron diffraction, have shown that 
weak C-H···O hydrogen bonding also plays a role (Nishiyama et al., 2002; 
Nishiyama et al., 2003). There are more C-H···O inter-sheet bonds in Iβ than in 
Iα. Differences in the crystalline organization affect the susceptibility to 
enzymatic hydrolysis and different hydrolytic rates have been observed, Iα being 
an easier substrate for the Cel7A type cellobiohydrolases studied in this thesis 
(Hayashi et al., 1997; Igarashi et al., 2006). In addition to the native cellulose I, 
other crystalline forms also exist (II, III and IV), of which cellulose II is the most 
thermodynamically stable due to its altered hydrogen bonding network. The 
other forms of cellulose are produced from cellulose I by different physico-
chemical treatments and do not exist in nature (Klemm et al., 2005). 

The crystalline structure not only makes cellulose resistant to enzymatic 
hydrolysis, but also prevents penetration of water and other small molecules. 
However, the crystalline regions contain many irregularities, such as dislocations 
and twists of the cellulose chains. As a result of the structural heterogeneity, 
some parts of the fibres can be partially hydrated by water and some parts are 
open enough for cellulolytic enzymes to penetrate and gain access to the 
cellulose chains. 

15 



1. Introduction 

 

Fig. 2. Views of the hydrophobic surfaces of cellulose Iα (left) and cellulose Iβ (right). The 
cellulose chains in the first layer are superimposed and colored cyan. The chains in the 
second layer are colored yellow (cellulose Iα) and green (cellulose Iβ). The differences 
between Iα and Iβ are very subtle, cellulose Iβ having a slightly higher density than that of 
Iα. The picture has been adopted from (Igarashi et al., 2006). 

1.2 Enzymatic degradation of cellulose 

Hydrolysis of cellulose in sufficient order of magnitude to support growth is 
characteristic for microorganisms, which use glucose released from cellulose as 
carbon source for their growth. However, some animal species, including 
termites, are also known to produce cellulases, although the contribution of 
cellulose in their nutrition is still unclear (Watanabe and Tokuda, 2001). Because 
of the polymeric and crystalline nature of cellulose, it is evident that cellulolytic 
microbes are not able to take the substrate up into the cells, and therefore the 
degrading enzymes are either located on the cell surface or are produced 
extracellulary. Microorganisms have different courses of action to utilize 
cellulose as their carbon source. Aerobic cellulolytic filamentous fungi can penetrate 
cellulosic substrates with their hyphae and thereby secrete their cellulase system 
into the substrate material (Eriksson et al., 1990). Cellulolytic anaerobic bacteria 
(as well as some anaerobic fungi in the gastrointestinal tracts of ruminant 
animals) possess an alternative mechanism of cellulose degradation through 
production of cellulosomes, cellulase complexes anchored to their cell wall. 

16 



1. Introduction 

Cellulases are O-glycoside hydrolases (GH) and they hydrolyse the β-1→4 
glycosidic bonds in cellulose. Cellulases have traditionally been classified on the 
basis of their mode of action into endo- and exoglucanases. Endoglucanases 
(1,4-β-D-glucan glucanohydrolase; EC 3.2.1.4) can hydrolyse cellulose chains in 
the middle by making random cuts, and are able to attack only the non-crystalline, 
amorphous regions (Teeri, 1997). Endoglucanases efficiently reduce the cellulose 
chain length (DP) and create new chain ends for the action of exoglucanases. 
Exoglucanases or cellobiohydrolases (1,4-β-D-glucan cellobiohydrolase; EC 
3.2.1.91) hydrolyze cellulose chains sequentially, by removing cellobiose units 
from the reducing or non-reducing end of the cellulose chain in a processive 
manner (Teeri et al., 1998; Wood and Bhat, 1988). They are usually active on 
both crystalline and amorphous parts of the cellulose but decrease the DP of 
cellulose very slowly. 

For efficient degradation of crystalline cellulose, usually both endo- and 
exoglucanases are needed (Henrissat and Bairoch, 1996). β-Glucosidases (EC 
3.2.1.21) complete the cellulose hydrolysis by cleaving the resulting cellobiose 
into glucose. The concerted action of three different types of cellulases as a non-
complexed enzyme system is presented in Fig. 3. 

 

Fig. 3. Schematic representation of the hydrolysis of amorphous and microcrystalline 
cellulose by non-complexed cellulase systems. The solid squares represent reducing 
ends and the open squares non-reducing ends. Amorphous and crystalline regions are 
indicated (Lynd et al., 2002). 
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1. Introduction 

Differing from the cellulolytic system presented in Fig. 3, some bacterial 
cellulolytic systems have been reported to have processive endoglucanases. 
Moreover, e.g. Humicola insolens cellobiohydrolase Cel6A has been reported to 
be capable of both exo- and endo-actions, (Boisset et al., 2000), thus the division 
to endo- and exo-acting enzymes may not be fully satisfactory. 

1.2.1 Free/non-complexed and complexed cellulase systems 

Most aerobic cellulolytic microbes secrete sets of individual cellulases. The most 
studied free cellulase systems are those of the aerobic fungal species 
Trichoderma reesei, Humicola insolens and Phanerochaete chrysosporium. 
They all produce a complete set of cellulases able to hydrolyse native cellulose 
effectively. T. reesei and H. insolens both produce two cellobiohydrolases 
(Cel7A and Cel6A), while P. chrysosporium produces seven cellobiohydrolases, 
Cel6A and Cel7 isoenzymes from A to F (Kubicek, 1992; Munoz et al., 2001; 
Schülein, 1997). In addition to the exoglucanases, they all produce several 
endoglucanases (belonging to GH families 5, 7, 9, 12 and 45) (Okada et al., 
1998; Penttilä et al., 1986; Saloheimo et al., 1994; Saloheimo et al., 1997; 
Saloheimo et al., 1988; Schülein, 1997; Wymelenberg et al., 2002) and β-
glucosidases [Cel1(intracellular) and Cel3 (extracellular)] (Foreman et al., 2003; 
Saloheimo et al., 2002a; Takashima et al., 1999; Tsukada et al., 2006). The 
complete genomes of T. reesei and P. chrysosporium have been published and 
the P. chrysosporium data provides information of a number of putative 
cellulases besides the above mentioned enzymes. P. chrysosporium genome 
contains the genetic information to encode at least 40 putative endoglucanases 
and seven cellobiohydrolases, while T. reesei genome unexpectedy contains only 
ten genes coding endoglucanases and cellobiohydrolases (Martinez et al., 2004; 
Martinez et al., 2008). 

In addition to the above mentioned mesophilic fungi, some thermophilic fungi 
are also capable of decomposing cellulose. The cellulolytic system of 
Talaromyces emersonii, a moderately thermophilic fungus, has hitherto been 
reported to include two Cel7 exoglucanases, one Cel6 exoglucanase (Tuohy et 
al., 2002), endoglucanases (Moloney et al., 1985), and one extracellular and one 
intracellular β-glucosidase (McHale and Coughlan, 1981). The sequence and 
detailed biochemical characterization of these T. emersonii cellobiohydrolases 
have shown comparable properties with the cellobiohydrolases of T. reesei and 
P. chrysosporium (Tuohy et al., 2002). The cellulase enzymes of another 
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thermophilic fungus, Melanocarpus albomyces, include at least two endoglucanases 
(Cel45A and Cel7A) and one cellobiohydrolase (Cel7B). These enzymes have 
been cloned and characterized for their pH and temperature behaviour 
(Miettinen-Oinonen et al., 2004). 

One of the most studied species of cellulolytic aerobic bacteria, Cellulomonas 
fimi, produces multible endoglucanases and exoglucanases (Meinke et al., 1993; 
Meinke et al., 1994; Shen et al., 1995). The individual cellulases of 
Cellulomonas are similar to those of the cellulase systems of aerobic fungi, 
although clustering of the enzymes through scaffolding to form cellulosome-like 
protuberant structures has been observed on Cellulomonas cells grown with 
cellulose and cellobiose as carbon sources (Lamed et al., 1987). 

Most cellulolytic anaerobic bacteria and fungi possess a cellulosome (Lynd et 
al., 2002). Cellulosomes are stable enzyme complexes, which are firmly bound 
on the bacterial cell wall but are however flexible enough to bind at the same 
time onto cellulose. Cellulosomes can be described as macromolecular machines 
designed to hydrolyse insoluble cellulose substrate. The most studied anaerobic 
cellulolytic microorganism is the thermophilic bacterium Clostridium thermocellum, 
which produces an extracellular multi-enzyme complex, reviewed by (Bayer et 
al., 1998; Bayer et al., 2004; Schwarz, 2001). The size of the cellulosomes varies 
between 2000 kDa and 6500 kDa and they are composed of up to 50 
components detected as protein bands on SDS-PAGE gel, depending on the 
strain and the growth conditions. The largest subunit of the cellulosome is a non-
catalytic scaffoldin protein CipA, which comprises 9 cohesin domains, a single 
cellulose binding module CBMIII, a dockerin domain and hydrophilic modules 
designed to hold the complex together. The scaffoldin is anchored to the cell 
wall via type II cohesin domains. Altogether 22 catalytic modules of 
C. thermocellum, of which at least 13 exhibit cellulose activity, have dockerin 
moieties that can associate tightly with the cohesins of the CipA protein to form 
the cellulosome. It is generally believed that the cellulosome composition can 
vary depending on the strain and the growth conditions. 

1.2.2 Synergy 

Individual cellulases are not able to hydrolyse crystalline cellulose efficiently, 
and the cooperative action of different types of cellulases is needed. Synergism 
refers to the ability of a mixture of cellulases to have higher activity than the 
sum of the activities of the individual enzymes. Synergism occurs when the 
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different cellulases attack the substrates at different sites, thus creating or 
revealing new sites for other enzymes to work on. The two main types of 
cellulase synergies are endo-exo synergy and exo-exo synergy. Endo-exo 
synergy is explained by the endo-acting cellulase forming new (reducing and 
non-reducing) chain ends for cellobiohydrolases. Endo-exo synergy has been 
reported e.g. for the four major cellulases of T. reesei, Cel6A (former CBHII), 
Cel7A (former CBHI), Cel7B (former EGI) and Cel5A (former EGII) has been 
studied, Cel7B and Cel5A act synergistically with both Cel6A and Cel7A 
(Medve et al., 1994; Medve et al., 1998; Nidetzky et al., 1994a). Processive 
endocellulases, in contrast to true endoglucanases, can exhibit synergism with 
both endo- and exo-acting cellulases, as detected for the Thermobifida fusca 
processive endocellulase Cel9A (Wilson, 2004). Exocellulases have also been 
shown to act synergistically with other exoglucanases (Medve et al., 1994). The 
explanation for this type of synergy is not as simple on a molecular level as 
endo-exo synergy and two putative causes have been discussed: 1) exocellulase 
synergism is due to the different chain end specificities and directionalities 
(Hoshino et al., 1997; Irwin et al., 1993; Nidetzky et al., 1994a), 2) exocellulase 
synergism is due to the inherent endo -character of some cellobiohydrolases 
(Boisset et al., 2000). 

1.2.3 Cellulases are modular proteins 

Most cellulases show a modular architecture including one or more catalytic 
modules and one or more modules involved in substrate binding (CBMs, 
carbohydrate-binding modules) or multienzyme complex formation (Davies and 
Henrissat, 1995). In addition to these modules, at least bacterial cellulases may 
also have additional modules e.g. homologous to fibronectin typeIII (FnIII) or 
immunoglobulin (Bayer et al., 2006). The FnIII-like module of Clostridium 
thermocellum has been shown to promote cellulose hydrolysis by loosening the 
surface structure of the substrate (Kataeva et al., 2002). The distinct modules are 
often connected via linker peptides of varying length. The modular structure of 
fungal cellulases was discovered in the 1980s by limited proteolysis studies, 
which revealed the existence of separate binding and catalytic modules 
connected by a linker peptide (Tomme et al., 1988b; van Tilbeurgh et al., 1986). 
The flexibility and heterogenic O-glycosylation of the linker regions is presumed to 
be the major obstacle to protein crystallization of intact fungal cellobiohydrolases 
containing both the catalytic module and the cellulose binding module, and 
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therefore there are no crystal structures available presenting the two modules 
connected by a linker. The linker regions vary considerably in length, and in 
many cases little or no sequence identity is found between the linkers from different 
organisms, although they are often rich in proline and serine or threonine residues 
(Gilkes et al., 1991). The cooperativity between the catalytic and cellulose-
binding module can be accounted for by intra-molecular synergy. The T. reesei 
Cel7A catalytic module has been shown to act in concert with CBM, and the 
spatial separation between the modules appears to be important for the 
mechanistic action of the enzyme (Linder et al., 1996; Palonen et al., 1999; 
Srisodsuk et al., 1993). 

1.2.4 Families of cellulase catalytic modules 

The catalytic modules of different glycoside hydrolases are classified into over 100 
families based on amino acid sequence similarities (Henrissat and Bairoch, 1996). 
The CAZy (Carbohydrate Active enzymes) database (http://www.cazy.org/) collates 
different cellulolytic enzymes currently into 14 families (families 5–10, 12, 26, 
44, 45, 48, 51, 61, 74), listed in Table 1. There is usually a direct relationship 
between the amino acid sequence and protein fold, and therefore the 
classification of glycoside hydrolases provides information about the protein 
fold and the catalytic mechanism. The addition of information on the 3-
dimensional structure of many proteins in the classification has confirmed that 
each family contains one basic protein fold (Henrissat et al., 1995). To date, all 
the GH families to which cellulolytic enzymes have been allocated also contain 
enzymes for which 3D structural information is available. 

The comparison of the 3D structures of glycoside hydrolases has revealed 
three different types of structural arrangements for the glycoside hydrolase 
active site: 1) a tunnel, which is suitable for processive exo-hydrolysis, 2) a cleft 
suitable for endo-attack, 3) a pocket (Davies and Henrissat, 1995). Figure 4 
presents examples of these three different shapes of catalytic sites. A tunnel-
shaped active site was first revealed in T. reesei Cel6A, an α/β-protein with a 
barrel topology, in which the active site is located in an enclosed tunnel formed 
by two surface loops (Koivula et al., 2002; Rouvinen et al., 1990; Zou et al., 
1999) (Fig. 4A). The exo-action of this enzyme was explained by the tunnel 
shaped active site. However, apparently the two loops of Cel6 cellobiohydrolase, 
covering the active site, can occasionally open to allow an endo-type of initial 
action (Boisset et al., 2000). The 3D structures of endo-active enzymes from the 
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same family have shown that the same fold can also form a more open, cleft-like 
active site. In this case the loops forming the tunnel are shorter than in Tr Cel6A 
or are turned away from the active site (Fig. 4B). β-Glucosidase from the GH-1 
family serves as an example of a glycoside hydrolase having a pocket-shaped 
active site (Fig. 4C). 

 

Fig. 4. Three-dimensional structures of A) T. reesei Cel6A (Rouvinen et al., 1990), B) H. 
insolens Cel6B (Davies et al., 2000) and C) Phanerochaete chrysosporium Bgl1 (Nijikken 
et al., 2007) demonstrating the three different catalytic site shapes of glycoside 
hydrolases described by (Davies and Henrissat, 1995). The picture was created with the 
program PyMol (DeLano Scientific, San Carlos, CA, USA). 

In the GH-7 family a total of seven crystal structures have been solved, including 
four cellobiohydrolases: T. reesei Cel7A (Divne et al., 1994), T. emersonii Cel7A 
(Grassick et al., 2004), P. chrysosporium Cel7D (Munoz et al., 2001) and 
M. albomyces Cel7B (Parkkinen et al., 2008) and three endoglucanases: H. insolens 
Cel7B (Davies et al., 1997), T. reesei Cel7B (Kleywegt et al., 1997) and 
Fusarium oxysporum Cel7B (Sulzenbacher et al., 1996). The overall fold of 

22 



1. Introduction 

these enzymes is conserved; however, the active site of cellobiohydrolases is 
tunnel-shaped whereas endoglucanases have a more open, cleft-shaped active 
site, similar to those observed in GH family 6. The folds of both exo- and 
endoglucosidases of GH family 7 consist of an antiparallel -sandwich, but the 
six extended surface loops, which form the active site tunnel in exoglucanases, 
are shorter in endoglucanases. The cellulose binding tunnel of Tr Cel7A contains 
11 subsites (-7 → +3) which can accommodate up to 10 glucose units of the 
cellulose chain (Divne et al., 1998). The catalytic site is between subsites -1 and 
+1, and the sites +1→+3 are so-called product sites (Fig. 5). 

 

Fig. 5. 3D structure of the T. reesei Cel7A in complex with cello-oligosaccharides (PDB 
code 7cel) showing the tunnel forming loops: Loop 1 (T41-T59) in red, Loop 2 (G98-
G105) in blue, Loop 3 (R178-G205) in violet, Loop 4 (T231-T254) in light blue, Loop 5 
(T310-K346) in green and Loop 6 (D369-R394) in beige, and a cellulose chain bound in 
the active site tunnel and spanning the subsites -7 to +2. 
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Table 1. The glycoside hydrolase families containing published cellulase gene sequences 
in CAZy (http://www.cazy.org/). 

Family Mechanism Type EC No. 

5 Retaining Endoglucanase 3.2.1.4 

6 Inverting Endoglucanase 3.2.1.4 

6 Inverting Cellobiohydrolase 3.2.1.91 

7 Retaining Endoglucanase 3.2.1.4 

7 Retaining Cellobiohydrolase 3.2.1.91 

8 Inverting Endoglucanase 3.2.1.4 

9 Inverting Endoglucanase 3.2.1.4 

10 Retaining Endoglucanase - 

12 Retaining Endoglucanase 3.2.1.4 

26 Retaining Endoglucanase 3.2.1.4 

44 Inverting Endoglucanase 3.2.1.4 

45 Inverting Endoglucanase 3.2.1.4 

48 Inverting Cellobiohydrolase 3.2.1.91 

51 Retaining Endoglucanase 3.2.1.4 

74 Inverting Endoglucanase 3.2.1.4 

1.2.5 Families of carbohydrate-binding modules 

The CBMs, similarly to the catalytic modules of the glycoside hydrolases, can 
be classified into different families (http://www.cazy.org/). To date this 
classification includes 57 CBM families. The classification of CBMs has 
broadened from cellulose binding domains to carbohydrate binding modules, 
since additional modules in carbohydrate-active enzymes which bind carbohydrates 
other than cellulose are continuously found. The CBM affects the binding of 
cellulases to the cellulose surface. Apparently, CBM aligns the catalytic module 
close to the polymeric substrate, prolonging the association with the substrate 
and thereby increasing the effective enzyme concentration (Igarashi et al., 2009). 
The presence of CBM is especially important for the activity of exoglucanases 
and experimental evidence has shown that removal of the binding module 
dramatically decreases the activity on crystalline substrates (see (Gilkes et al., 
1991; Shoseyov et al., 2006) for a review). In addition, there is evidence that 
some CBMs are also capable of disrupting the crystalline structure of cellulose 
(Boraston et al., 2004). 
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CBMs can be grouped into seven different fold families, but here the fold is 
not predictive of function because of the diversity in the specific amino acids 
and binding site topographies. The binding specificity is determined by binding 
site topography, and interaction with a ligand and ligand recognition is 
invariably due to aromatic amino acids that form the CBM binding sites. 
Binding sites can be planar (as in CBM family 1), twisted or sandwich-shaped 
(see (Boraston et al., 2004) for a review). The CBMs of fungal cellulases are 
invariably small modules, approximately 40 amino acids in size, stabilized by 
two or three disulphide bridges and belong to the CBM-1 family. Cellulose-
binding function has been demonstrated in many cases, and appears to be 
mediated by three aromatic residues separated by about 10.4 Å forming the flat 
surface (Linder et al., 1995; Reinikainen et al., 1992). The 3D structure of 
T. reesei Cel7A CBM is presented in Fig. 6. 

 

Fig. 6. 3D structure of T. reesei Cel7A CBM (PDB code 1cbh) determined by solution 
NMR (Kraulis et al., 1989). The aromatic amino acids in the binding face are shown in 
red. The picture was created with PyMol. 

1.2.6 Catalytic mechanisms 

Enzymatic hydrolysis of glycosidic bonds proceeds through general acid 
catalysis and it occurs (by definition) between the carbohydrate units bound at 
the subsites -1 and +1. This is a stereoselective process in which the 
configuration about the anomeric centre (at the C1 carbon) can either be inverted 
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or retained. Different mechanisms are required for these two different 
stereochemical courses (Hehre, 2000; Koshland, 1953). The general scheme for 
the reaction mechanisms is shown in Fig. 7. Both reaction mechanisms involve 
oxocarbonium ion-like transition states. In addition, ring distortion upon 
substrate binding at the subsite preceding the scissile bond (-1) has been 
proposed as an element for both reaction types of enzymes (Harris et al., 1993; 
Koivula et al., 1996; Koivula et al., 2002; Zou et al., 1999). One important 
difference between the two mechanisms is that most retaining enzymes can 
catalyze both transglycosylation and hydrolysis, whereas no known inverting 
enzyme catalyzes transglycosylation (Withers, 2001). The catalytic mechanism 
appears to be conserved in each glycoside hydrolase family, and therefore both 
the stereochemistry of the hydrolysis and the fold are conserved within the GH 
family in question (Henrissat et al., 1998). 

Both mechanisms are supposed to require that two carboxylic acid residues 
are suitably positioned on either side of the bond to be cleaved. Inverting 
enzymes use a single-displacement mechanism and retaining enzymes a double-
displacement mechanism. In the inverting glycosidases the two catalytic 
carboxylic acid usually lie further apart from each other than in the retaining 
hydrolases (McCarter and Withers, 1994). In the inverting mechanism the 
catalytic acid residue donates a proton to the anomeric C1 carbon while the 
catalytic base residue removes a proton from a water molecule, thus facilitating 
its nucleophilicic attack. There is an increasing amount of evidence 
demonstrating that not all glycosyl hydrolases follow the classical catalytic 
mechanisms. Concerning the inverting enzymes, there are several reports on the 
lack of a typical catalytic base (as reviewed in Vuong and Wilson, 2010). In the 
case of e.g. T. reesei cellobiohydrolase Cel6A only one catalytic carboxylic acid 
has been found and the reaction mechamism has been shown to include 
conformational changes in the active site tunnel (Koivula et al., 2002). 

Catalysis by retaining glycosidases has been suggested to proceed via a 
double-displacement mechanism in which a covalent glycosyl–enzyme intermediate 
is formed (Withers, 2001). The covalent glycosyl-enzyme intermediate has been 
shown to be formed in some cases, however, it may not always be needed 
(Parkkinen et al., 2008; Sinnott, 1990). The active site again contains a pair of 
carboxylic acids, but in this case they are approximately 5.5Å apart. 
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Fig. 7. General scheme for the reaction mechanisms of inverting and retaining glycoside 
hydrolases. Both pathways pass through transition states with a strong oxocarbonium-
ion-like character. From (Withers, 2001). 

1.3 Biochemical characterization, enzymatic assays 

In order to understand the function of cellulase systems comprised of multiple 
components, it is important to understand the distinct modes of action (activities) 
of the individual enzymes. The activity of the individual enzymes, as well as of 
the whole cellulase system, is affected by substrate properties such as crystallinity, 
available surface area and degree of polymerization. These substrate properties 
change during the hydrolysis, e.g. the number of chain ends increases because of 
the action of endoglucanases (Kleman-Leyer et al., 1996; Srisodsuk et al., 1998). 
In addition the accessibility of cellulose can vary during the hydrolysis because 
of the overall substrate conversion (Boisset et al., 2000; Saloheimo et al., 
2002b). These changes in the substrate characteristics during hydrolysis cause 
changes in the hydrolysis rates during the time course of the overall reaction. 

Enzymological characterization of individual cellulases is complicated due to 
the complex physical characteristics of cellulase substrates and the complexity 
of the action of different cellulases. Therefore, several assay procedures have 
been developed for the measurement of cellulase activity. Significant differences 
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in substrate characteristics and in the assay procedures make the comparison of 
results from different cellulase assays difficult. In addition, most cellulase assays 
on insoluble substrates are non-linear both with time and with the amount of 
enzyme, and although activity does increase when the substrate concentration is 
increased, activity on insoluble cellulose does not show Michaelis-Menten type 
kinetics (Wilson, 2008). 

1.3.1 Substrates for cellulase activity assays 

1.3.1.1 Soluble substrates 

Soluble substrates include substituted, long chain cellulose derivatives and low 
DP cello-oligosaccharides and their derivatives. These are often used to 
determine the cellulolytic activities of individual enzyme components. Cellulose 
polymers can be solubilised for example by carboxymethyl substitution. The 
solubility of carboxymethyl cellulose (CMC) depends on the degree of substitution; 
it starts to be water soluble when DS > 0.3–0.7, i.e. when the molecule contains 
an average of 3 to 7 carboxymethyl groups per 10 anhydroglucose units. 
Endoglucanases hydrolyse such substrates by cleaving the bond between 
substituted groups. The activity can be measured by detecting e.g. reducing 
sugars or as a decrease in viscosity (Hulme, 1988). Cello-oligosaccharides with a 
degree of polymerisation up to six glucose units are soluble in water, and they 
can be used as model substrates for cellulases. The hydrolysis products can be 
detected with HPLC (Harjunpää et al., 1996; Nidetzky et al., 1994b). 

For simplified detection of hydrolysis products, the oligosaccharides can be 
coupled to chromophoric, fluorogenic or radioactive labels (Claeyssens et al., 
1989; Freer, 1993; van Tilbeurgh et al., 1988; Zhang and Lynd, 2006). 
Commonly used labelled oligosaccharides include 4’-methylumbelliferyl-, 4’-
nitrophenyl- or 2-Chloro-4-nitrophenyl-β-D-glycosides derived from D-glucose, 
cellobiose, higher cello-oligosaccharides, or lactose. Cello-oligosaccharides are 
useful in determination of initial cellulase kinetics or inhibition constants 
(Ståhlberg et al., 1996; Tuohy et al., 2002; van Tilbeurgh and Claeyssens, 1985). 
The data obtained from the model substrates do not correlate directly with 
crystalline cellulose degradation, in which the efficiency of an enzyme depends 
on the ability to access single glucan chains on a crystalline structure. 
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1.3.1.2 Insoluble substrates 

Insoluble substrates for cellulase activity measurements are prepared from 
celluloses from different sources. Cotton, filter paper (Whatman no. 1), bacterial 
microcrystalline cellulose (BMCC), Avicel and amorphous cellulose are almost 
pure celluloses having different DP, crystallinity index and accessible surface area, 
whereas pre-treated lignocellulosic substrates also contain other polysaccharides, 
lignin and impurities. Avicel is prepared by hydrolysing softwood pulp with 
dilute hydrochloric acid to remove the amorphous fraction followed by spray 
drying. Despite the hydrolysis treatment Avicel contains a substantial amount 
(30–50%) (Zhang and Lynd, 2004) of amorphous cellulose. Amorphous 
cellulose can be prepared for example from Avicel by mechanical or chemical 
methods. The properties of amorphous cellulose vary greatly depending on the 
preparation method e.g. reaction temperature and time, and the hydrolysis results 
conducted with different batches made even in the same laboratory can not 
always be reliably compared (Zhang et al., 2006). 

The detection of cellulase activity on an insoluble substrate can be performed 
by following the DP decrease, or more often by measuring the released products, 
reducing sugars. Reducing sugar assays including the 3,5-dinitrosalicylic acid 
(DNS) method (Ghose, 1987; Miller, 1959), the Nelson-Somogyi method 
(Nelson, 1944), the 2,2´-bicinchroninate (BCA) method (Johnston et al., 2007), 
the para-hydroxybenzoic acid hydrazide (PAHBAH) method (Lever, 1972) and 
the ferricyanide method (Kidby and Davidson, 1973), of which the DNS method 
is the most extensively used. However, the DNS method is rather insensitive and 
subject to interference by many compounds, e.g. metals and phosphates in 
cultivation media (Dighe et al., 1985; Forouchi and Gunn, 1983). It should also 
be noted that different reducing sugars generally yield different colour 
intensities; thus, it is necessary to calibrate for each individual sugar. PAHBAH 
and BCA methods are reported to be more sensitive and reliable. If a cellulase 
assay is performed with a complete cellulase system or a mixture also including 
a β-glucosidase, the hydrolysis can also be detected by measuring released 
glucose in a coupled enzymatic assay applying e.g. glucose oxidase and 
peroxidase (Kunst et al., 1984). 
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1.4 Industrial applications of cellulases 

Carbohydrases such as cellulases and amylases are currently the second most 
important group of industrial enzymes after proteases based on sales (Kirk et al., 
2002). Cellulases have proved to be commercially useful in the textile industry, 
substituting conventional stonewash methods (biostoning). They also have 
applications in the detergent industry for reducing fuzz and pilling of fabrics, and 
as general cleaning agents for cotton garments (Bhat, 2000; Olson and Stanley, 
1990). In addition, they are used in animal feeds for improving their nutritional 
quality and digestibility, and in the processing of fruit juices (Bhat, 2000). They 
have great potential in the paper and pulp industries, and have been used to 
lower the energy consumption in mechanical pulp production (Pere et al., 2000). 

Cellulase research has recently been focused particularly on the industrial 
conversion of cellulose-containing biomass (lignocellulose) to fermentable 
sugars, which can be converted to ethanol to serve as an alternative to fossil 
fuels (Duff and Murray, 1996). Production of ethanol from annual crops (e.g. 
starch) is already a well established technology. Starch- and sugar cane-based 
ethanol is often referred to as first-generation biofuel (Yuan et al., 2008). 
However, there is a need to have an alternative, non-food raw material to avoid 
the conflict between land use for food and for energy production. Cellulose-
based ethanol is a promising alternative to reduce oil dependence as well as 
greenhouse gas emissions, because the plant biomass raw material is renewable, 
inexpensive and abundantly available. Biomass sources such as agricultural 
waste (straw), forest wood, side-products of the forest industry and energy crops 
are the main potential sources. The biomass supply in the EU has been estimated 
to be high enough to contribute significantly to the total energy supply in 
Europe, and the future of bioethanol production from lignocellulose mainly 
depends on agricultural policy (Ericsson and Nilsson, 2006; Gnansounou, 2010). 
Currently, the processes using lignocellulosic feedstock for bioethanol 
production are still in the development phase, due to the challenges in hydrolysis 
of the recalcitrant lignocellulosic substrates. The natural cellulose decomposers, 
cellulolytic bacteria and fungi, are able to utilize lignocellulose as a carbon source 
by hydrolysing the material with secreted cellulolytic enzymes. This hydrolysis 
process is slow, because lignin and the crystalline nature of the substrate restrict 
access of the enzymes to the polysaccharide. Rapid and efficient hydrolysis of 
lignocellulose for industrial purposes requires pretreatment to open the resistant 
structure of the feedstock and to make it more susceptible to enzyme attack. 
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Pretreatment processes typically involve elevated temperature and pressure 
combined with acid or base catalysis (Kim and Lee, 2007; Mais et al., 2002; 
Palonen et al., 2004). The major obstacles to cost-effective production of ethanol 
from cellulose are the high enzyme costs due to the high amount of enzymes 
needed in the process. One option to tackle this problem is to improve the 
currently used enzyme mixtures by improving the individual enzymes by protein 
engineering or enzyme discovery, or by optimising the enzyme mixtures e.g. by 
adding novel enzymes with additional activities. The currently used 
lignocellulosic enzymes for bioethanol production are produced in industrially 
relevant production strains of filamentous fungi, such as Trichoderma reesei. 
Bioethanol process concepts can generally be described as separate hydrolysis 
and fermentation (SHF) or as simultaneous saccharification and fermentation 
(SSF) (Viikari et al., 2007). Due to the instability of T. reesei enzymes at high 
temperatures, the hydrolysis process of SHF can be performed at 40–50°C followed 
by a separate fermentation step at a lower temperature. By using thermostable 
enzymes the SHF process could be more efficient due to more efficient hydrolysis at 
higher temperatures. Although the enzymatic hydrolysis in SSF is performed in 
lower temperature simultaneously with the fermentation, thermostable enzymes 
could be advantageous, as they are generally robust, tolerating various harsh 
process conditions. 

1.5 Thermostability of industrial enzymes 

Thermostable enzymes are suitable for biotechnical applications and are likely to 
be economically beneficial in industrial processes. Furthermore, they are 
interesting from a fundamental point of view when studying the structural basis 
of thermostability. Thermostability is a beneficial property for enzyme 
applications, since running an industrial process at high temperature has several 
advantages, such as higher solubility of reactants, reduced risk of microbial 
contamination and potentially higher reaction rates. The general robustness and 
better stability of thermophilic enzymes compared to mesophilic ones also 
increases the recyclability of enzymes in the industrial process. 

A generalisation of the Arrhenius law postulates that many reaction rates of 
chemical reactions are approximately doubled when temperature is increased by 
10°C; thus the reaction rates of hyperthermophilic enzymes would be expected 
to be 50–100 times higher than those of mesophilic enzymes (Vieille and Zeikus, 
2001). However, the reaction rates observed are often similar to those of 
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mesophilic enzymes measured at their temperature optima. This means that 
thermostable enzymes often have low activity at medium temperatures (van den 
Burg and Eijsink, 2002). It has been suggested that these lower catalytic rates 
could be due to a significantly increased rigidity of the thermophilic enzymes 
compared to mesophilic enzymes at mesophilic temperatures (Wrba et al., 1990; 
Jaenicke et al, 1996). However, there are examples of significant improvements 
in stability by protein engineering, without compromising the enzymatic activity 
in low temperatures (Mansfeld et al., 1997; van den Burg et al., 1998; Williams 
et al., 1999). 

1.5.1 Thermostable enzymes in nature 

Microorganims are classified into psychrophiles, mesophiles, thermophiles and 
hyperthermophiles, depending on their optimal growth temperature. Thermophilic 
organisms (eubacteria and archea) offer a potential source of thermostable 
enzymes for industrial applications. Only a few eukaryotic organisms are able to 
grow at temperatures of 45°C–55°C or above (Maheshwari et al., 2000) and 
thermophily among fungi is not as common as in eubacteria or archea, some of 
which are able to grow at temperatures between 80°C and 110°C (Vieille and 
Zeikus, 2001). 

1.5.2 Structural reasons for higher thermostability 

Although thermostability is one of the most studied and engineered protein 
properties, no generally applicable rules have been established so far, and it 
seems unlikely that a single universal stabilization mechanism is responsible for 
thermostability. Numerous studies on thermophilic properties of proteins have 
indicated that some stabilization mechanisms vary depending on the specific 
enzyme (reviewed in (Li et al., 2005; Sterner and Liebl, 2001; Vieille and 
Zeikus, 2001). The differences in the primary and the three dimensional 
structures of thermophilic and mesophilic enzyme homologues are subtle, and 
mainly determined by their phylogenetic differences. Increased thermostability 
is thought to result from many small cumulative changes in the protein structure. 
The catalytic mechanisms can also be similar (Bauer and Kelly, 1998; Vieille et 
al., 1995), and the main difference between hyperthermophilic and mesophilic 
variants would appear to be the temperature range over which they are stable. 
The potentially stabilising features, detected from comparisons of 3D structures 
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of thermophilic and mesophilic proteins are difficult to distinguish from neutral 
mutations accumulated during evolution (Jaenicke and Bohm, 1998), and only 
wide comparisons of amino acid sequences and three dimensional structures are 
expected to provide statistically relevant results (Sterner and Liebl, 2001). The 
factors which are known to affect thermostability are electrostatic and hydrophobic 
interactions, hydrogen- and disulphide bonds, overall rigidity and compactness, 
stable α-helices and loops, glycosylation and metal binding. These aspects are 
dealt in more details below. 

Electrostatic interactions 

The most significant sequence and structural differences detected in comparison 
studies (Haney et al., 1999; Kumar and Nussinov, 2001; Szilagyi and Zavodszky, 
2000) were decrease in the number of uncharged polar residues (Gln, Asn, Thr, 
Ser) and increase in the number of charged amino acid residues (Asp, Glu, Arg, 
Lys) in thermophilic proteins, meaning that more thermostable proteins often 
have more electrostatic interactions than their less thermostable homologues. 
Typical charge-charge interactions between oppositely charged residues are 
known as salt bridges. The increase of charged residues indicates that there are 
more salt bridges in thermostable than in mesophilic proteins (Das and Gerstein, 
2000; Karshikoff and Ladenstein, 2001). 

Hydrogen bonds 

The number of hydrogen bonds can be correlated with the thermostability of 
proteins, as shown for example by Vogt (Vogt et al., 1997) in a theoretical 
examination of several protein families with different thermal stabilities. 
However, because the H-bond identification is dependent on high resolution 
protein structure, no explicit and statistically relevant estimate of the role of H-
bonds is available (Vieille and Zeikus, 2001). Strong, low-barrier type of 
hydrogen bonds have been shown to contribute to improved stability of T. reesei 
cellobiohydrolase Cel6A at acidic pH (Wohlfahrt et al., 2003). 

Hydrophobic bonds 

Hydrophobic forces facilitate protein folding and have a major impact on 
stability (Goodenough and Jenkins, 1991). Hydrophobicity is the ratio of buried 
non-polar surface area to the total non-polar surface area of the molecule. 
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Replacement of amino acids with more hydrophobic residues in a hydrophobic 
environment has been used as a site-directed mutagenesis strategy for example 
for chloramphenicol acetyltransferase (Chirakkal et al., 2001), resulting in 
improved thermostability. Thermostabilization of a maltogenic amylase by 
directed evolution has also been reported to be due to enhanced hydrophobic 
interactions (Kim et al., 2003). 

Disulphide bonds 

The stabilizing effect of disulphide bridges is due to decreased conformational 
entropy. Genetically engineered additional disulphide bridges have been 
reported to increase protein thermostability by 5–30°C (Pace, 1990). Examples 
of successful thermostabilization by adding disulphide-bridges were reported for 
e.g. bacteriophage T4 lysozyme (Matsumura et al., 1989), neutral protease 
(Mansfeld et al., 1997) and xylanase (Xiong et al., 2004). 

Rigidity 

Thermostable enzymes are active at high temperatures and they need to be more 
rigid than mesophilic proteins. The rigidity helps them to maintain the 
catalytically active conformation and prevents unfolding. Rigidity can be 
demonstrated by low hydrogen-deuterium exchange rates and reduced thermal 
unfolding. Rigidity can also make proteins generally more resistant to most 
common protein denaturants (pH, guanidine-hydrochloride and organic solvents) 
and decreases their susceptibility to proteolysis (Kanaya and Itaya, 1992; 
Veronese et al., 1984; Wrba et al., 1990). 

Compactness 

Enhanced compactness of the protein fold is proposed to be one of the general 
determinants of a stable structure. The compactness of a protein has been 
defined as the ratio of accessible surface area to the surface area of a sphere with 
the same volume as that of the protein. In some studies e.g. (Knapp et al., 1997; 
Russell et al., 1997), thermostability has been associated with compactness, 
achieved by the shortening of some loops, an increase in the number of atoms 
isolated from solvent, optimized packing of side chains in the interior, and 
absence of cavities. However, statistical examinations of the packing efficiency 
of thermophilic compared to mesophilic proteins have indicated no such 
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tendency (Karshikoff and Ladenstein, 1998; Kumar et al., 2000), and 
compactness values calculated for thermophilic and mesophilic proteins have 
been very similar. 

α-Helix stabilization 

Introduction of residues with a high α-helix propensity has been confirmed 
experimentally to affect protein stability. Alanine residues in α-helices have been 
shown to stabilize the protein structure (Menendez-Arias and Argos, 1989; Zhang 
et al., 1995). In addition, possible stabilization of α-helices by replacement of 
lysine residues in an α-helix by a glutamic acid residue has been proposed 
(Davies et al., 1993). 

Stabilization of loops 

Loops are often the regions in protein structures which have the largest thermal 
factors (B-factors), indicating that they are mobile and likely to unfold first 
(Daggett and Levitt, 1992; Lazaridis et al., 1997). Proline substitutions (Xxx to 
Pro) have been used in flexible loop areas to improve thermostability. Proline 
has the lowest conformational entropy, since it is able to adopt only few 
configurations. At the same time it also restricts the conformational freedom of 
the backbone of polypeptide chains and therefore proline substitutions are 
expected to contribute to protein stability by reducing the entropy of the 
unfolded states (Dill, 1990; Matthews et al., 1987; Schimmel and Flory, 1968). 

Glycosylation 

Post-translational modifications like glycosylation and phosporylation are 
known to influence the protein properties. Glycoporteins are often more stable 
than their unglycosylated analogues (Imperiali and O'Connor, 1999; Wang et al., 
1996). The stabilising effect of glycans has been shown to be due to reduced 
structural dynamics (Pagan et al., 2009). The glycans may also shield the 
hydrophobic regions of the protein and thereby increase the stability (Erbel et 
al., 1999; Pagan et al., 2009). 
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Metal-binding 

Metal binding contributes to the stability and activity of many enzymes. Most 
α-amylases contain a conserved calsium ion, which is essential for stability and 
activity (reviewed by (Prakash and Jaiswal, 2010). The metal cofactor can 
stabilize the protein structure for example by coordinating, and thus stabilizing 
amino acids at the denaturation initiation site, as reported on Bacillus licheniformis 
xylose isomerase (Vieille et al., 2001).  

1.6 Modification of enzyme properties through protein 
engineering 

The construction of modified proteins by site-directed mutagenesis was mainly 
used in the early years of protein engineering in the 1980s to study catalytic 
mechanisms and structure-function relationships by mutating the active sites of 
enzymes. Since then, the use of protein engineering has been extended to study 
for example stability, folding and specificity, through model systems reviewed 
by (Brannigan and Wilkinson, 2002). Understanding of the basis of the protein 
structure-function relatioship has opened possibilities to design enzymes for 
industrial applications, in which the process conditions are often very different 
from the biological environment of the enzyme. There are numerous successful 
studies in which for example stability, activity, pH dependence or functional 
expression of an enzyme has been altered using protein engineering techniques, 
exemplified by e.g. (Becker et al., 2001; Bulter et al., 2003; Morawski et al., 
2000; Song and Rhee, 2000; Wang et al., 2005; Wohlfahrt et al., 2003). Protein 
engineering strategies can be divided under two subtitles: rational design and 
directed evolution. In addition to these, there is a “semi-rational” strategy to 
engineer the protein stability, called the consensus concept. Regardless of the 
engineering technique used, there must be a possibility to produce the target 
enzyme (either in a homologous or heterologous expression host) to allow 
expression of the mutated gene. For rational enzyme design, detailed structural 
information or a structural model of the enzyme, combined with the biochemical 
data of the target enzyme, is also needed. 
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1.6.1 Rational mutagenesis 

Site-directed mutagenesis is above all a tool to analyse the contribution of 
individual amino acids to a certain phenomenon. It is used to study the structure-
function relationships of proteins, for example to reveal the catalytic mechanism. 
It can be used to create inactive mutants of enzymes in order to study the ligand-
protein interactions in 3D complex structures. This involves mutagenesis of the 
potential active site residues and kinetic characterization of the mutants. The 
protein modification can be achieved also through exchange of whole domains 
or generation of fusion proteins, as the CBM fusions in this study. Detailed 
knowledge of the structure and function of the enzyme is used to design mutations 
to make the desired changes in properties. Analysis of the substrate binding and 
specificity can lead to engineering of enzymes with modified functions. 

1.6.1.1 Rational mutagenesis for improved thermostability 

The stability of the folded conformation of a protein depends on its primary 
structure, but in a complex manner, being determined by a multitude of both 
local and long-term interactions (see section 1.5.2 Structural reasons for higher 
thermostability). However, rational approaches to improve the stability of a folded 
protein conformation by site-directed mutagenesis have been used successfully. 
Because of the complexity of a protein fold, the chance of success is not easily 
predictable (Lehmann et al., 2000a). There are several examples of how enzyme 
thermostability has been improved by rational mutagenesis by introducing only 
one or two mutations (Mansfeld et al., 1997; Matthews et al., 1987; Watanabe et 
al., 1994; Williams et al., 1999), although in many cases single substitutions 
have only a relatively small effect. Since the effects of individual mutations are 
often additive (Akasako et al., 1997; Shih and Kirsch, 1995), pronounced 
thermostabilization can be achieved by combining several individual mutants. 

1.6.2 Directed evolution 

Incomplete understanding of the structure-function relationships of enzymes and 
the relatively small number of available three-dimensional protein structures 
both limit the success of rational protein engineering by site-directed mutagenesis, 
but can be compensated by using directed evolution as a tool. In directed evolution 
approaches, random point mutations are introduced into a gene sequence, the 
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variant library is screened and improved variants are selected. These improved 
variants from the first round of mutagenesis can be used as templates for a 
second round of mutagenesis, or if several improved candidates are discovered 
they can be combined by gene shuffling. 

One approach is to create single, random point substitutions by error-prone 
PCR with a non-proofreading DNA polymerase in the presence of MnCl2 
(Leung et al., 1989) or by utilising nucleotide analogues that cannot be correctly 
read by the DNA polymerase (Zaccolo et al., 1996). A critical point in random 
mutagenesis is careful tuning of the mutation frequency, since beneficial mutations 
are rare, whereas deleterious mutations are common (Harayama, 1998; 
Tracewell and Arnold, 2009). Although the combination of too many mutations 
in one clone may result in inactive enzymes, a too low mutation rate results in 
libraries predominated by the wild-type sequence. In general, 1.5 to 5 mutations 
per gene are often introduced (Miyazaki et al., 2000; Morawski et al., 2000). 

In the second approach the randomization is targeted to certain areas within 
the gene. This targeting can be carried out based on structural information and/or 
previous knowledge about the function of the target protein. By targeting the 
mutagenesis the necessary library size can be reduced. 

The third method is gene recombination of homologous genes or variants from 
the two first (above mentioned) approaches. This method of DNA shuffling 
(Stemmer, 1994) allows in vitro recombination of the different mutations from 
random mutagenesis rounds and combination of these beneficial mutations into 
one gene, greatly enhancing the process of directed evolution. In addition to 
combining mutations, DNA shuffling can eliminate neutral mutations introduced 
into the gene during random mutagenesis. The removal of so-called neutral 
mutations is important, as they may not be neutral under some other conditions 
which were not part of the selection/screening strategy. DNA shuffling has been 
extended from the original application to shuffle the gene variants from random 
mutant libraries to its use in family shuffling, where the sequence diversity is 
achieved by combining homologous and closely related genes by in vitro 
recombination (Crameri et al., 1998). The original DNA shuffling method is 
based on fragmentation of DNA by DNAseI and reassembly of the fragments by 
PCR, where the fragments serve as primers in the PCR reaction. A drawback is 
that the shuffling reaction is biased due to unequal amplification and sequence 
dependent variations in DNAaseI digestion, and furthermore it depends on high 
homology (>70%) between the shuffled gene pools (Joern et al., 2002). 
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Several other PCR-based methods have been described to overcome the 
above-mentioned weaknesses, including staggered extension process (StEP) 
(Zhao et al., 1998), incremental truncation for the creation of hybrid enzymes 
(ITCHY) (Ostermeier et al., 1999), family shuffling using single-stranded DNA 
(Kikuchi et al., 2000), random chimeragenesis on transient templates (RACHITT) 
(Coco et al., 2001) and Multiplex-PCR-based recombination (MUPREC) 
(Eggert et al., 2005). In addition to the in vitro recombination methods, it has 
been shown that homologous genes can efficiently be recombined in vivo in the 
yeast Saccharomyces cerevisiae (Cherry et al., 1999; Pompon and Nicolas, 
1989). The recombination in yeast is based on the efficient repair of double-
stranded breaks by intra-molecular homology-dependent recombination (Orr-
Weaver et al., 1981). The clear advantages of this method are that it is not 
limited by the insert size as is PCR, and that the recombined gene variants can be 
readily expressed in the shuffling host, allowing rapid screening. The weakness is 
that recombination events are not frequent; from one to three recombinations 
were detected by (Swers et al., 2004). 

Computational methods have been developed to predict intra-molecular sites 
suitable for recombination without interfering with the structural integrity of the 
target protein. The SCHEMA algorithm predicts which fragments of homologous 
proteins can be recombined without breaking the interactions in the three-
dimensional structure of a protein (Voigt et al., 2002). It has recently been used 
successfully to improve the properties of Humicola cellobiohydrolase of the GH-
6 family. Almost 50% of the tested chimeras were active and 10% were more 
thermostable than any of the parents (Heinzelman et al., 2009). However, the use 
of SCHEMA is limited to proteins for which 3D structural information is available. 

1.6.2.1 Directed evolution for improved thermostability 

As mentioned in previous the section (1.5), the stability of a protein results from 
a cooperative, balanced network of amino acids forming the protein fold. The 
fact that the general rules for thermostability are still unwritten supports the use 
of a random mutagenesis approach in the effort to create more stable biocatalysts. In 
addition, the results of directed evolution studies serve as a source of information 
about the molecular mechanisms of protein stability, and may help in targeting 
the rational mutagenesis strategies. There are numerous examples of studies in 
which directed evolution has been utilized. Esterase from Bacillus subtilis was 
stabilized by directed evolution, leading after six generations of mutagenesis to a 
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variant containing nine individual mutations and having a Tm improved by 14°C, 
while the catalytic activity at lower temperatures was retained (Giver et al., 
1998). The authors also showed that all the individual mutations contributed to 
the stability, and that the mutations were all located in the C-terminal domain of 
the protein, either on the surface or close to the surface of this domain. In 
another study, the thermostability of cold-adapted subtilisin S41 was clearly 
improved by iterative rounds of random mutagenesis, screening and DNA 
shuffling, without loosing the activity at low temperature (Miyazaki et al., 
2000). Although the calcium binding of the mutant was affected, none of the 
mutations were located in the calcium binding sites, and the authors concluded 
that the effect was due to long range interactions or subtle structural changes and 
was therefore not apparent from the homology model. Some of the mutations 
were located in loop areas, which cannot be studied accurately from a homology 
model, but the authors reasoned that a proline insertion (K211P) contributed to 
the stability by rigidifying the loop. DNA shuffling of the highly homologous 
endoglucanases EngB and EngD of Clostridium cellulovarans was used to 
improve the thermostability while retaining most of the activity (Murashima et 
al., 2002). The authors also studied the locations of the mutations in the 
homology model of EngB. Since the mutations were clustered in certain surface 
areas of EngB, the authors speculated that they might stabilise the structure 
through ionic interactions. All these three examples show that although directed 
evolution can result in mutations which would have been difficult to predict 
even with high quality 3D structure, the outcome can be used to study the 
principles of thermostabilization. 

1.6.3 Screening 

In addition to creating diversity, an equally important and challenging step in 
directed evolution is screening or selection for the desired property. The 
outcome of directed evolution depends crucially on the screening method used. 
Directed evolution of large enzymes, even at a low mutation frequency, creates 
huge demands in detecting each mutation at least once, since for an average 
sized 300-amino acid protein there are 3.2 x 107 possibilities to make two random 
amino acid substitutions (Tracewell and Arnold, 2009). If there is a possibility to 
use a selection method instead of screening, the detection of improved variants 
from the library can be greatly enhanced. Selections enable examination of large 
numbers of variants (106–108), requiring that the improved enzyme imparts a 

40 



1. Introduction 

growth advantage to the cell (Arnold et al., 2001). Selection is normally used for 
intracellular enzymes, for which the required link between cell survival and 
enzyme activity is easier to understand. Screening is required when the target 
activity cannot be linked to cell survival. 

Here the question arises how many clones should be screened to find an 
improved variant. In practice, oversampling would be required to ensure that a 
particular variant has been examined during screening (Moore et al., 1997). 
With realistic library sizes of large enzymes of 400–500 amino acids, this means 
that it is impossible to screen sufficient numbers of clones to be sure to find the 
best variant. In order to overcome this problem, random mutagenesis can be 
targeted for example to one subunit of the enzyme at a time (Otten et al., 2002), 
or to regions in the vicinity of the substrate binding or active site (Dalby, 2003). 
The method used for screening is extremely important, since screening is often 
laborious and expensive, and in a worst case scenario can give misleading 
results. For example if the expression level between the mutated clones varies 
and only the enzyme activity is measured, the improved variants from the screen 
might turn out not to be improved in terms of activity but only in terms of 
expression. The expected improvements caused by single amino acid replacements 
are often also so small that the accuracy and sensitivity of the screen becomes 
crucial and the experimental errors should be very low. Enzyme activities can be 
screened on microtiter plates from culture supernatants or cell lysates, using 
assays that detect the formation of a coloured or fluorescent reaction product. 
Solid-phase screens are based on cleavage of the substrate on an agar plate or a 
filter and detection of the released product. This can be achieved for example by 
detecting a clearing zone or precipitation caused by enzymatic activity, or by 
formation of a fluorescent or coloured product (Murashima et al., 2002; Wang et 
al., 2005; Zhang et al., 1997). Plate or filter screens suffer from the lack of 
quantitative detection of enzyme activities, and they are often used as a first, 
crude screening step to select the active mutants for further screening for 
example for improved stability (Murashima et al., 2002). Digital imaging techniques 
have been used to detect halo formation using chromofor-labelled substrate 
(Hughes et al., 2006) or release of a fluorescent group from fluorescent-labelled 
substrate (Joo et al., 1999). Activity screens from liquid cultivations on microtiter 
plates (Bulter et al., 2003; Cherry et al., 1999; Miyazaki et al., 2000) are more 
laborious and expensive but versatile, and the screening conditions can be 
tailored for the desired property. Robotics or automated pipetting stations can be 
used to boost the throughput. Screening capacity can be further increased by 
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assaying variants in pools, if the screen is sensitive enough to detect the desired 
activity even when the other variants in the pool are inactive (Hughes et al., 
2006). The screens in microtiter plates are also usually performed with fluorescent 
or colorimetric methods using substrate analogues, and therefore the results 
often also have to be verified for the actual substrate of interest. 

1.6.3.1 Screening for improved thermostability 

Screens for improved thermostability are most often based on measuring residual 
activity after a heating step. The strategy relies on the assumption that the more 
stable enzyme variant also has higher temperature optimum (see (Eijsink et al., 
2004) and references therein). Alternatively, the enzyme activity could be measured 
directly at high temperature. However, in practice the activity measurement at 
high temperature is often not possible in a high throughput manner due to 
technical limitations in the robotic setups. Another widely used screening 
strategy for thermostability is to measure the activity at two temperatures and 
monitor the ratio between the two numbers (Miyazaki and Arnold, 1999). By 
measuring the activity at low temperature as well, it is possible to monitor 
thermostability and activity in low temperatures simultaneously. This type of 
screen also helps to avoid variation caused by different expression levels. 

1.6.4 Consensus concept for improved thermostability 

Because rational design of thermostability has been shown to have a relatively 
low success rate, and directed evolution approaches depend on costly screening 
procedures, another useful method utilizing sequence statistics to localise stabilizing 
residues has been described (Lehmann et al., 2000b; Steipe et al., 1994). The 
consensus concept is based on aligning closely related homologous protein 
sequences for calculation of a consensus sequence. This method assumes that at 
each position of the protein sequence the most predominant amino acid 
substitution will lead to stabilization. For example, the consensus sequence was 
calculated from an alignment of 13 homologous phytases and the corresponding 
gene was synthesised. The protein product was 15–26°C more thermostable than 
any of the parent phytases (Lehmann et al., 2000b). Later, 6 more phytase 
sequences were added into the alignment, and recalculation of the concensus 
sequence led to an improved variant (7.4°C) (Lehmann et al., 2002). When the 
additional substitutions were studied individually, it was discovered that 33% of 
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them were stabilizing and that most of the stabilizing mutations were located on 
the surface of the protein. A similar result was obtained when the consensus 
method was used to design stabilising mutations into a β-lactamase gene and a 
combinatorial library of the mutations was built and screened; here 25% of the 
mutations were stabilizing (Amin et al., 2004). Contrary to the phytase study, 
the stabilizing mutations were distributed both on the surface and inside the 
protein fold, and no correlation between surface exposure and stabilization was 
detected. 

1.7 Aims of the study 

In this thesis the focus was on characterizing or creating new thermostable GH-7 
family cellobiohydrolases suitable for hydrolysis of lignocellulose at high 
temperatures. Two cellobiohydrolases, Cel7B from the thermophilic fungus 
Melanocarpus albomyces, and Cel7A from the thermophilic fungus Talaromyces 
emersonii, were expressed in Saccharomyces cerevisiae to enable protein 
engineering studies. A second approach was to isolate new fungal GH-7 family 
cellulases and to characterize the properties of the purified enzymes. Cel7A 
enzymes from the fungi Acremonium thermophilum, Chaetomium thermophilum 
and Thermoascus aurantiacus were studied. 

In particular, the following points were of major interest: 

1) Directed evolution to improve the thermostability and activity of 
M. albomyces Cel7B 

2) Rational mutagenesis to improve the thermostability and activity of 
M. albomyces Cel7B and T. emersonii Cel7A 

3) Structure-function studies of novel, thermostable Cel7 cellobio-
hydrolases. 
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2. Materials and methods 

A summary of the materials and methods used in this study is presented in this 
section. Detailed descriptions can be found in the original articles (I–IV). 

2.1 Strains and vectors 

Eschericia coli strain XL1-blue (Stratagene, USA) was used as a bacterial 
cloning host. S. cerevisiae strain NY179 (leu 2-3,112, ura 3-52) (received from 
Peter J. Novick, Yale University School of Medicine, USA) was used as a 
cloning and an expression host for the random mutant Cel7B library (I). 
S. cerevisiae strain INVSc1 (MATα, his3-1, leu2, trp1-289, ura3-52; Invitrogen, 
USA) was used as cloning and expression host for the M. albomyces Cel7B and 
T. emersonii Cel7A wild-type and mutant enzymes (II, III). A T. reesei strain 
(Vehmaanperä et al., 1997), that lack the genes encoding the major cellulases 
Cel7A, Cel6A, Cel7B, and Cel5A was used as production host for A. thermophilum 
Cel7A, C. thermophilum Cel7A, T. aurantiacus Cel7A and T. aurantiacus + 
CBM fusion proteins (IV). A T. reesei strain (Haakana et al., 2004) lacking the 
genes encoding the cellulases Cel6A, Cel7B and Cel5A was used as an expression 
host for M. albomyces Cel7B and the Ma Cel7B fusion protein containing the 
C-terminal CBM and linker from T. reesei Cel7A (II). The S. cerevisiae 
expression plasmid pYX212 (R&D Systems, USA) containing constitutive triose 
phosphate isomerase (TPI) promoter, a polyA terminator (from Kluyveromyces 
lactis HSF) and a URA3 marker gene for selection was used as yeast expression 
vector for the M. albomyces Cel7B and T. emersonii Cel7A enzymes (I, II and III). 
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2.2 Construction of yeast expression plasmids 
(Publications I, II and III) 

For expression of the Ma cel7B gene in S. cerevisiae, the cDNA encoding 
M. albomyces Cel7B (including the signal sequence) was isolated from the 
pALK1523 plasmid as a NdeI-EcoRI fragment and ligated into the yeast 
expression plasmid pYX212 (I). In Publication III the T. emersonii cel7A gene 
was amplified by PCR (Sambrook and Russel, 2001) with vector specific 
primers to generate 40 bp overhangs at both the 5´and 3´end of the genes, thus 
allowing cloning of the gene into the yeast expression vector pYX212 by in vivo 
yeast homologous recombination (Orr-Weaver et al., 1981). 

2.3 Site-directed mutagenesis 

Mutations S290T and G4C+M70C were introduced into the M. albomyces cel7B gene 
and mutations G266C+D320C, T243C+A375C, Q190C+I200C, N54C+P191C, 
G4C+A72C into the T. emersonii cel7A gene by PCR using site-specific 
mutagenesis by overlap extension as described by (Sambrook and Russel, 2001). 
A detailed description of the mutagenesis and the primers used concerning 
M. albomyces cel7B and T. emersonii cel7A can be found in paper II and III, 
respectively. The mutated DNA was in each case cloned into the yeast 
expression vector pYX212 in S. cerevisiae by co-transforming the mutated PCR-
product into yeast with a linearised pYX212 plasmid. The PCR products were 
generated by vector specific primers having 40–150 bp overhangs on both the 
5´and 3´end, allowing cloning of the gene into the yeast expression vector 
pYX212 by in vivo yeast homologous recombination. S. cerevisiae transformations 
were carried out with a modified LiAc method using the Gietz Yeast transformation 
Kit (Tetra-Link, USA) according to the manufacturer’s instructions. The selection of 
cellulose-positive transformants is presented in I, II and III. 

The CBM fusions Ma Cel7B+Tr CBM, Ta Cel7A+Tr CBM and Ta Cel7A+Ct 
CBM were designed and constructed at Roal Ltd by genetically linking these 
one-module Cel7 proteins to the linker and CBM region of T. reesei Cel7A (= Tr 
CBM) or to the linker and CBM region of C. thermophilum Cel7A (= Ct CBM) 
(II and IV). Construction of T. reesei expression plasmids for production of the 
fungal Cel7 proteins from T. aurantiacus (Ta Cel7A, Ta Cel7A + Tr CBM, and 
Ta Cel7A + Ct CBM), C. thermophilum (Ct Cel7A) and A. thermophilum (At 
Cel7A and At Cel7B) is presented in (IV). The transformations were performed 
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at Roal Ltd as in (Penttilä et al., 1987) with modifications described in 
(Karhunen et al., 1993). 

2.4 Random mutagenesis (Publication I) 

The random mutant libraries (A and B) of Cel7B were generated by error-prone 
PCR using Mutazyme DNA polymerase according to GeneMorph PCR 
mutagenesis kit (Stratagene) instructions. The mutagenized PCR product was 
cloned into pYX212 plasmid (cut with EcoRI and XhoI) either by ligating the 
EcoRI and XhoI -digested PCR product with T4-ligase (library A) or making use 
of the homologous recombination in yeast by co-transforming the linearised 
vector with the PCR product directly into S. cerevisiae (library B) (Orr-Weaver 
et al., 1981). The PCR product contained homologous flanking regions with the 
linearised vector at the 5’ end (300 bp) and at the 3´ end (150 bp). 

2.5 Screening of thermostable M. albomyces Cel7B 
variants (Publication I) 

Robotic screening for thermostability was performed with MULac as substrate in 
96-well plates. Thermostability was assessed based on residual activity measurement 
after a heat inactivation step of 4 minutes in 76°C. Robotic screening consisted 
of two rounds (screens 1 and 2), of which screen 2 was performed for the 
positive clones from screen 1 in order to verify the result. The robotic screening 
set up consisted of a QPix colony picker (Genetix, UK) to pick individual 
colonies into cultivation liquid (SC-Ura medium, pH 6) in 96-well microtiter 
plates, a Multimek 96 channel pipettor (Beckman, USA) to transfer the culture 
liquid after incubation for 3 days at 30°C into 2 separate assay plates, and a 
Multidrop dispenser to add the substrate for the activity assay. The activity 
towards MULac was measured from each clone twice; before and after the heat 
inactivation step. The release of MU in each well was measured with a Victor2 V 
MTP reader (fluorescence ex. 355 nm and em. 460 nm). The ratios of the 
activities before and after the heat treatment were compared to those of the 
yeast-produced wild-type Cel7B. After screen 2, the clones which performed 
better than Cel7B wild-type were again picked to verify the result by a manual 
activity screen (3rd screen). The 3rd screen was performed by cultivating the 
yeast clones for 3 days in test tubes at 30°C, and measuring the MULac activity 
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(dublicate measurement) after 30 min reaction time, before and after heat 
treatment (for 5 and 10 minutes) at 70°C. 

2.6 Protein production by S. cerevisiae in shake flasks 
(Publications I, II and III) 

For production of the Ma Cel7B, Te Cel7A and the mutated variants, 2–5 l of 
SC-Ura medium was inoculated with 10% volume of an overnight pre-culture. 
The cultivation medium was buffered to pH 6 when Ma Cel7B was produced; in 
the case of Te Cel7A wild-type or mutant enzyme production non-buffered 
medium was used. The cultures were grown on a shaker (210 rpm) at 30°C. 
After 3 days of cultivation the supernatant was harvested by removing the cells 
by centrifugation. The details of the experimental procedures can be found in 
Publications I, II and III. 

2.7 Protein production by T. reesei (Publications II and IV) 

Shake flask and laboratory scale bioreactor cultivations of the heterologous 
Cel7-producing strains were performed at Roal Ltd as described in (Paloheimo 
et al., 2003). 

2.8 Purification of heterologously produced Cel7 
enzymes (Publications I–IV) 

The cellobiohydrolases produced in S. cerevisiae were purified by ion-exhange 
chromatography as described in Publications I, II and III. The cellobiohydrolases 
At Cel7A, Ct Cel7A, Ta Cel7A and Ta Cel7A+CBM fusion proteins, produced 
in T. reesei, were purified using a p-aminobenzyl 1-thio-β-cellobioside-based affinity 
column, prepared as described in (Tomme et al., 1988a), and gel filtration 
chromatography (IV). The T. reesei-produced Ma Cel7B and Ma Cel7B+CBM 
were purified using ion-exchange and hydrophobic interaction chromatography 
methods as described in (III). The production and purification of the intact and 
catalytic (core) modules of Tr Cel7A were performed as described earlier 
(Suurnäkki et al., 2000). The chromatography materials used in all the 
purifications were from GE Healthcare unless otherwise indicated. Fractions 
after each purification step were screened for the presence of Cel7B or Cel7A by 
measuring the activities against MULac and analysing them on 10% SDS-PAGE 
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and in Publications I and II by Western blotting, where Cel7B was detected with a 
polyclonal antibody. Fractions containing a single band of Cel7B or Cel7A on SDS-
PAGE were pooled, concentrated and the buffer was changed to 50 mM NaAc pH 
5.0 (or in the case of Ma Cel7B to 50 mM sodium phosphate buffer, pH 6.0). 

2.9 Characterization of the purified proteins 

Protein concentrations of the purified enzyme preparations were measured by 
their absorption at 280 nm using theoretical molar extinction coefficients, which 
were calculated from the amino acid sequences of each enzyme (Pace et al., 
1995). The molecular masses of the wild-type Ma Cel7B proteins expressed in 
S. cerevisiae and T. reesei were detected by electrospray ionization mass 
spectrometry (ESI-MS) at the University of Eastern Finland as described in 
(Jänis et al., 2001) (II). The recombinant Te Cel7A protein was identified by 
mass mapping of the peptides from trypsin-digested protein and molecular 
masses of the Cel7A and deglycosylated Cel7A proteins were detected by 
MALDI-TOF mass spectrometry (Bruker Autoflex II) (III). The presence of the 
additional disulphide bridges in the Ma Cel7B and Te Cel7A disulphide-bridge 
mutants was confirmed by comparing the amount of free thiol in the enzyme 
samples to that in the wild-type enzyme (II and III). Free thiol was measured 
with Thiol and Sulfide Quantitation Kit (Molecular Probes, Invitrogen detection 
technologies, USA) according to the manufacturer’s instructions. The correct 
processing of the N-terminus of the yeast-produced Ma Cel7B wild-type enzyme 
was verified by Edman degradation (I). Differences in the N-glycosylation 
pattern of the heterologously expressed Ma Cel7B were studied by EndoH treatment 
as described in Publication I, and those of S. cerevisiae-expressed Te Cel7A by 
EndoF treatment as described in III. 

2.10 Enzyme activity assays 

2.10.1 Soluble substrates 

The specific activities of the purified Cel7 proteins towards the soluble 
4-methylumbelliferyl--D-lactoside substrate MULac (Sigma) were measured as 
a function of temperature as described in (I, III and IV). pH optimum curves for 
the Cel7 enzymes were determined using MULac in 0.1 M McIlvaine -buffer 
(Dawson et al., 1959), pH from 2 to 8, at 22°C as described in III and IV. 
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Kinetic constants (Km and kcat values) on MULac for Tr Cel7A, Ta Cel7A, 
At Cel7A and Ct Cel7A were assayed as described in IV, for Ma Cel7B and 
mutated variants as described in II and for Te Cel7A and mutated variants as 
described in III. Kinetic constants (Km and kcat values) and cellobiose inhibition 
constants (Ki) with 2-chloro-4-nitrophenyl-β-D-lactoside (CNPLac) were measured 
for Tr Cel7A, Ta Cel7A, At Cel7A and Ct Cel7A as described in IV and for Ma Cel7B 
and the mutated variants as described in II. The Km and kcat constants were 
calculated by fitting the data to the Michaelis-Menten equation using the program 
MicrocalTM Origin®. Lineweaver-Burk plots, replots of their slopes against cellobiose 
concentration and Hanes plots were used to distinguish between simple competitive 
and mixed type inhibition and to determine the cellobiose inhibition constants 
(Ki). The corresponding α-value for mixed type inhibition was determined from 
a plot of the LWB intercept versus the cellobiose concentration. 

2.10.2 Insoluble substrates 

The microcrystalline cellulose (Avicel) hydrolysis assays were performed in 
different temperatures as described in I–IV. Phosphoric acid-swollen cellulose 
(PASC), prepared from Avicel according to (Walseth, 1952), was used as 
amorphous cellulose substrate as described in IV. The formation of soluble 
reducing sugars during Avicel and PASC hydrolysis was determined by the 
para-hydroxybenzoic acid hydrazide (PAHBAH) method (Lever, 1972) using a 
cellobiose standard curve (50 to 800 µM cellobiose). The amount of soluble 
cello-oligosaccharides (glucose – cellohexaose) released from the hydrolysis of 
polymeric substrates (Avicel and PASC) was determined (III and IV) by high-
performance anion-exchange chromatography (HPAEC) as described in (Tenkanen 
et al., 1997). The standards used were commercially available linear cello-
oligosaccharides: glucose from Fluka (Switzerland), cellobiose, cellotetraose and 
cellopentaose from Serva (Germany), cellotriose and cellohexaose from 
Seikagaku (Seikagaku America, USA). 

2.11 Thermostability measurements 

Temperature-induced unfolding was monitored by tryptophan fluorescence by 
heating samples gradually (approximately 1°C /min) from 25°C up to 78°C and 
measuring the fluorescence intensity with a Varian Gary Eclipse spectro-
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fluorometer (I). Intrinsic fluorescence of the samples was recorded after every 
2°C by measuring emission at 340 nm using an excitation wavelength of 280 nm. 

Circular dichroism (CD) measurements of the Cel7 and mutant enzymes were 
performed with a Jasco (model J-720) CD spectrometer equipped with a PTC-
348WI Peltier-type temperature control system (Alder et al., 1973). Spectra were 
recorded from 240 to 190 nm using a 1 mm cell and a bandwidth of 1 nm. The 
unfolding curves were measured at 202 nm using the temperature scan mode 
with a gradient of 2°C/min until a temperature of 80, 85 or 90°C was reached. 
Details of the measurements are presented in Publications I–IV. The effect of 
dithiothreitol (DTT) on the refolding of Ma Cel7B was studied in II. 

The stabilities of Ma Cel7B produced in T. reesei and S. cerevisiae and of the 
three mutant enzymes, and of Te Cel7A and of the four mutants were determined 
as their half-lives during treatment at 70°C, by measuring their MULac activity 
after the heat treatment. The details can be found in Publications II and III. 

2.12 Homology Modelling by the SWISS-MODEL and 
design of the mutations 

The protein sequences of the catalytic modules without signal sequences were used 
for building three-dimensional models of the At Cel7A, Ct Cel7A and Ta Cel7A 
cellobiohydrolases by the automated SWISS-MODEL server (Schwede et al., 
2003). The templates and quality of the models are described in Publication IV. 
Swiss-PdbViewer (http://au.expasy.org/spdbv/) (Guex and Peitsch, 1997) and 
WHAT IF server (http://swift.cmbi.ru.nl/servers/html/) was used as tools to 
design the disulphide bridge mutations in the Ma Cel7B and the Te Cel7A wt 
structures. 
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3.1 Heterologous expression of fungal cellulases in 
S. cerevisiae (Publications I–III) 

To accommodate rapid and convenient expression for the mutagenesis studies, 
the single-module cellobiohydrolases Ma Cel7B from M. albomyces (I and II) 
and Te Cel7A from T. emersonii (III) were expressed in S. cerevisiae strains 
NY179 (I) and INVSc1 (II and III). In both cases, the fragment containing the 
cDNA of Ma Cel7B or Te Cel7A, including their own signal sequences, was cloned 
in pYX212 vector containing a URA3 selection marker, under a strong constitutive 
TPI promoter. The proteins were produced in SC-ura medium, with a yield of 
about 3–5 mg of the protein per litre of culture supernatant. The heterologous 
expression of the enzymes was detected by measuring the activity on a soluble 
substrate, MULac, and by SDS-PAGE. The expression levels obtained were high 
enough to allow purification and characterization of the Cel7 enzymes without 
the need for further optimization of the growth conditions. Purification of the 
cellobiohydrolases from the yeast supernatants was performed with ion exchange 
chromatography (I–III), and activity measurements on soluble substrate MULac 
and insoluble substrate Avicel with both Ma Cel7B and Te Cel7A showed that 
the enzymes appeared to be expressed in yeast in a functional form. Only slight 
differences were detected when the wild-type enzymes from different host 
organisms were compared (II, III and (Tuohy et al., 2002)). The yeast-expressed 
Ma Cel7B was visualised on SDS-PAGE (I, Fig. 1A, lane 5 and in II Fig. 2, lane 4). 
No major differences in the mobility of the heterologously expressed Ma Cel7B 
proteins were detected as compared with Ma Cel7B from the native host, despite 
the presence of two putative N-glycosylation sites at positions N5 and N320. 
Only a small fraction of the yeast-produced Ma Cel7B appeared to have glycans 
attached to it (I, Fig. 1A, lane 3), and electrospray ionization mass spectrometry 
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(ESI-MS) results (II) indicated that the purified Ma Cel7B did not contain any 
glycans incorporated by S. cerevisiae. Similarly to Ma  Cel7B, Te Cel7A contains 
two putative N-glycosylation sites (N267 and N431). However, in this work 
yeast-produced Te Cel7A was clearly overglycosylated as compared to wild-type 
protein from the native host (Publication III, Fig. 2, Lanes 2 and 8). After 
deglycosylation with EndoF1 enzyme, the mobility of the yeast-produced 
Te Cel7A on SDS-PAGE was similar to that of the wild-type form purified from 
the native host (III, Fig. 2, Lane 3). 

3.2 Production, purification and characterization of 
recombinant Cel7 proteins from T. reesei 
(Publications II and IV) 

Cellobiohydrolase genes from Acremonium thermophilum, Chaetomium 
thermophilum and Thermoascus aurantiacus, in each case including their own 
signal sequences, were expressed in Roal Ltd under the strong T. reesei cel7A 
promoter in industrial production strains of T. reesei, in which genes encoding 
for the four major cellulases had been deleted, thereby facilitating purification 
and characterization of the recombinant Cel7 proteins (Vehmaanperä et al., 
2007). The Cel7 proteins were purified using an affinity column and gel 
filtration chromatography (IV). The gene coding for the Ma Cel7B, including its 
own signal sequence, was also cloned in Roal Ltd in a T. reesei expression 
vector under the T. reesei cel7A promoter and transformed into T. reesei strain 
A36 (Haakana et al., 2004). Ma Cel7B from T. reesei was purified using ion 
exchange chromatography and hydrophobic interaction chromatography (II). 
The purified Ma Cel7B was analyzed on SDS-PAGE (II, Fig. 2, Lane 3), showing 
no difference in the mobility of the Tr-produced Ma Cel7B compared with Cel7B 
from the native host (Fig. 2, Lane 2) (Haakana et al., 2004). 

3.3 Sequence analysis 

Comparison of the amino acid sequences of the five cellobiohydrolase enzymes 
showed high homology. They all belonged to glycoside hydrolase family 7, 
indicating that they all have similar protein fold and reaction mechanisms. The 
amino acid sequences coding for the mature proteins (without signal sequences) 
were aligned with the sequence of T. reesei Cel7A (Fig. 8) (Higgins et al., 1996). 
The putative catalytic amino acids (E212, E217 and D214, in Tr Cel7A 
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numbering) are underlined in the sequence alignment. Since the Cel7 enzymes 
Ma Cel7B, Te Cel7A and Ta Cel7A consist merely of catalytic modules, the 
sequence identities were calculated without CBMs. The catalytic modules gave 
sequence identity values ranging from 50 to 81% (Table 2). 

 

Fig. 8. Multiple sequence alignment of M. albomyces Cel7B, T. aurantiacus Cel7A, T. emersonii 
Cel7A, A. thermophilum Cel7A, C. thermophilum Cel7A and T. reesei Cel7A mature protein 
sequences. Residues in white against a black background are amino acids that are identical 
or have a conserved substitution in all six sequences. Residues in white against a grey 
background are amino acids that are identical or conserved in five out of the six sequences. 
The putative catalytic amino acids are underlined (E212, E217 and D214, in Tr Cel7A 
numbering) and the CBMs of At Cel7A, Ct Cel7A and Tr Cel7A are marked with a box. 
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Table 2. Sequence identities (%) of M. albomyces Cel7B, T. aurantiacus Cel7A, T. emersonii 
Cel7A, T. reesei Cel7A, A. thermophilum Cel7A and C. thermophilum catalytic modules. 

 At Cel7A Ct Cel7A Ma Cel7B Ta Cel7A Te Cel7A Tr Cel7A 

At Cel7A 100 71 56 73 70 64 

Ct Cel7A  100 58 68 64 61 

Ma Cel7B   100 54 53 50 

Ta Cel7A    100 81 66 

Te Cel7A     100 66 

Tr Cel7A      100 

3.4 Mutagenesis 

3.4.1 Random mutagenesis of Ma Cel7B and screening for higher 
thermostability (Publication I) 

The complete gene (cDNA) sequence coding for Ma Cel7B was subjected to 
random mutagenesis by error-prone PCR using Mutazyme polymerase. Two 
libraries were created, having a total number of transformants of 2.6 x 105 clones 
in Library A, and 7.7 x 105 clones in Library B. Sequence analysis of 31 randomly 
picked clones showed that Library B contained on average 4.5 nucleotide mutations 
per gene, which corresponded with 2.2 amino acid changes per Ma Cel7B mutant. 

These mutant libraries were screened for a cellulase with higher temperature 
stability using an activity assay based on the soluble fluorogenic substrate 
MULac, by measuring the residual activity of each clone after a heat inactivation 
step. The ratio of the activity in the heat-inactivated sample to that of the control 
sample was used as a measure for the thermostability of a mutant clone. Mutant 
clones having a higher activity ratio than wild-type Cel7B qualified for the next 
screening round. Altogether 14,580 colonies were screened with the robotic 
assay (screen 1), and 900 of these were analysed with the same robotic assay 
(screen 2). 200 positive clones were picked for a third, manual thermostability 
screening round at 70°C, and 49 clones were finally found to be more 
thermostable than the Ma Cel7B. The complete gene sequences of the 49 clones 
from screen 3 were determined, and showed a minimum of one and a maximum 
of four amino acid changes. After purification and characterization of the 9 best 
mutants (I), one mutant, containing a point mutation S290T, was found to be the 
most interesting for future mutagenesis studies. The mutant S290T had improved 
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thermostability as shown by Tm measurements (I, II). The activity towards 
crystalline substrate at high temperature (70°C) was clearly improved, 
presumably due to improved stability in the high temperature, as the activity on 
small substrate (MULac) was similar to that of the wild-type. 

3.4.2 Site-directed mutagenesis to improve the thermostability and 
activity of the Cel7 enzymes 

3.4.2.1 Design of disulphide-bridge mutants in M. albomyces Cel7B and 
T. emersonii Cel7A (Publications II and III) 

Thermostability of Ma Cel7B and Ta Cel7A was improved by rigidifying their 
structures with additional disulphide bridges. The design of one of the disulphide 
bridges was based on a comparing the solved 3D structures with the Tr Cel7A’s 
catalytic module structure (PDB code 7CEL). The latter has 10 disulphide 
bonds, whereas there are 9 S-S bonds in Ma Cel7B and Te Cel7A (Grassick et 
al., 2004; Parkkinen et al., 2008). This 10th disulphide bridge was introduced at 
the equivalent position in Ma Cel7B and Te Cel7A structures by making two 
point mutations: G4C/M70C (Ma Cel7B; II, Fig. 1) or G4C/A72C (Te Cel7A; 
III, Fig. 1). 

Several alternative disulphide mutants (III, Table 1) were designed in the Te Cel7A 
protein using Swiss-PdbViewer (http://www.expasy.ch/spdbv/) and WHAT IF 
disulphide-bridge predictor (http://swift.cmbi.ru.nl/servers/html/index.html) as 
tools to examine the Cel7A structure in order to plan the mutations and predict the 
possibility of disulphide bond formation. Mutants N54C/P191C, Q190C/I200C, 
T243C/A375C and G266C/D320C were designed to restrict the mobility of the 
surface loops of Te Cel7A (see Publication III, Fig. 6). After initial characterization 
of the yeast supernatants, it was found that three of the disulphide bridges 
described above increased the Te Cel7A activity towards MULac in high 
temperature (75°C) and they were combined to form a triple-mutant 
G4C/A72C/N54C/P191C/T243C/A375C. 

3.4.2.2 Design of CBM fusions of M. albomyces Cel7B and 
T. aurantiacus Cel7A (Publications II and IV) 

The hydrolytic activities on crystalline cellulose of the single-module 
cellobiohydrolases Ma Cel7B and Ta Cel7A were improved by genetically fusing 
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the linker and CBM of Tr Cel7A. In addition to these Tr CBM fusions, Ta Cel7A 
was also fused with Ct Cel7A CBM. The fusion proteins were produced in shake 
flask and laboratory scale bioreactor cultivations of the cellulose-negative industrial 
production strain T. reesei and purified for more detailed characterization in a 
similar manner to the wild-type Ma Cel7B and Ta Cel7A. 

3.5 Activity measurements with soluble and insoluble 
substrates 

3.5.1 Characterization of the activity on soluble substrates 

All the Cel7 enzymes and mutated variants in this study exhibited Michaelis-
Menten type kinetics on soluble MULac substrate, and the kinetic constants (Km 
and kcat) were determined at 22°C on MULac. Chromophoric substrate CNPLac 
was used to determine the Ki values for cellobiose inhibition in addition to the 
kinetic constants (Km and kcat). Table 3 compares enzyme properties of the Cel7 
variants. The highest activity on MULac (kcat value) of the cellulases 
characterized in this study, 69.0±3.2 min-1

, was observed with the Ct Cel7A and 
the lowest with Ma Cel7B (8.6 ± 0.2 min-1), which was about 8-fold lower 
(Table 3). 

The activity of Cel7 cellobiohydrolases is strongly inhibited by the hydrolysis 
product, cellobiose. Cellobiose inhibition for Tr Cel7A has been well studied, 
and strong competitive inhibition with an inhibition constant Ki around 20 µM 
and has been reported with CNPLac as a substrate (van Tilbeurgh and 
Claeyssens, 1985), whereas an almost 10-fold lower inhibition constant of 
180 µM has been measured for Te Cel7A with 4NPG2 as substrate (Tuohy et al., 
2002). Here, we observed almost 20-fold differences between the cellobiose 
inhibition constants (Ki) of the wild-type cellobiohydrolases (Table 3), 
Ma Cel7A having the highest level of cellobiose inhibition (Ki = 6 M) and 
At Cel7A the lowest (Ki = 141 M). 



 
 

Table 3. Comparison of the Michaelis-Menten, cellobiose inhibition constants of the Cel7A enzymes characterized in this study. The kinetic constants 
were measured on MULac (in pH 5.0) and on CNPLac (in pH 5.7) at 22°C. The assay conditions are presented in Materials and methods. 

Enzyme

Variant 
(production 
host) MULac  CNPLac Ref 

  kcat (min-1) KM (µM) 
kcat/KM 
(min-1 M-1)  kcat (min-1) KM (µM) 

kcat/KM 
(min-1 M-1) 

Ki (Glc2) 
(µM) 

Type of 
inhibition  

Ma 
Cel7B 

wt (Tr) 8.6 ± 0.2 230 ± 20 3.7 x 104  1.00 ± 0.05 620 ± 80 1.6 x 103 6.0 ± 2.0 Mixed, 
α = 1.5 

1 

 wt (Sc) 6.4 ± 0.3 280 ± 70 2.3 x 104  0.92 ± 0.04 800 ± 100 1.1 x 103 6.3 ± 2.0 Mixed, 
α = 1.1 

1 

 S290T (Sc) 6.5 ± 0.3 280 ± 40 2.3 x 104  1.23 ± 0.06 1160 ± 140 1.0 x 103 6.6 ± 2.0 Mixed, 
α = 1.4 

1 

 G4C/M70C 
(Sc) 

5.0 ± 0.3 300 ± 50 1.6 x 104  1.09 ± 0.04 1000 ± 100 1.0 x 103 5.5 ± 2.0 Mixed, 
α = 1.2 

1 

 S290T/ 
G4C/M70C 
(Sc) 

7.2 ± 0.4 300 ± 50 2.4 x 104  0.99 ± 0.06 750 ± 120 1.3 x 103 5.0 ± 2.0 Mixed, 
α = 1.9 

1 

Te 
Cel7A 

wt (Sc) 31.1 ± 2.0 330 ± 70 9.4 x 104  nd nd nd nd  2 

 wt, 
deglycosy-
lated (Sc) 

33.2 ± 1.5 310 ± 40 1.1 x 105  nd nd nd nd  2 3. R
esults
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Enzyme

Variant 
(production 
host) MULac  CNPLac Ref 

 G4C/A72C 
(Sc) 

29.7 ± 1.6 260 ± 50 1.1 x 105  nd nd nd nd  2 

 N54C/P19
1C (Sc) 

35.9 ± 2.0 210 ± 50 1.7 x 105  nd nd nd nd  2 

 T243C/A3
75C (Sc) 

26.8 ± 1.8 310 ± 70 8.6 x 104  nd nd nd nd  2 

 triple 
mutant (Sc) 

26.7 ± 1.2 230 ± 40 1.2 x 105  nd nd nd nd  2 

At 
Cel7A 

wt (Tr) 11.3 ± 0.7 220 ± 44 7.3 x 104  2.8 ± 0.1 2100 ± 150 1.3 x 103 141 ± 25 competitive 3 

Ct 
Cel7A 

wt (Tr) 69.0 ± 3.2 221 ± 35 3.1 x 105  19 ± 1 2000 ± 200 9.5 x 103 39 ± 14 competitive 3 

Ta 
Cel7A 

wt (Tr) 19.5 ± 0.8 268 ± 38 7.3 x 104  1.7 ± 0.1 990 ± 70 1.7 x 103 107 ± 14 competitive 3 

Tr 
Cel7A 

wt (Tr) 28.7 ± 1.0 287 ± 31 1.0 x 105  2.6 ± 0.05 520 ± 30 5.0 x 103 19 ± 4 competitive 3 

References: 1. Publication II, 2. Publication III, 3. Publication IV 

nd = not determined 
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In addition to the kinetic constants, MULac was used to measure the activity as a 
function of pH and temperature. The pH optimum for At Cel7A, Ct Cel7A, 
Te Cel7A and Ta Cel7A determined in McIlvaine buffer (from pH 2 to 8) using 
MULac as the substrate at 22°C was in the range pH 4 to 5 (III, IV), while 
Ma Cel7B demonstrated higher pH optimum of 6 (unpublished result). The 
temperature activity profiles (10 min assays with the soluble substrate, MULac) 
of the purified Cel7 enzymes (Ma Cel7B, Te Cel7A, At Cel7A, Ct Cel7A, Ta Cel7A 
and Tr Cel7A) and of the mutated variants were determined at pH 5.0 (except 
Ma Cel7B at pH 6.0) between 30 and 80°C. 

No clear differences were detected between the wild-type Ma Cel7B and the 
mutants from the random mutagenesis study in terms of MULac temperature 
optimum (I, Fig. 3). The results of the rational mutagenesis study (Ma Cel7B, II) 
on the other hand, showed that the MULac temperature optima of the disulphide 
mutants had been shifted ~5°C higher, indicating a stabilizing effect of the 
additional S-S bridge. The activities of the Te Cel7A mutants as a function of 
temperature were also altered when compared to the wild-type, as shown in III, 
Fig. 5A and B. The mutant N54C/P191C exhibited clearly higher activity but 
approximately the same temperature optimum as the wild-type, 65°C, whereas the 
other mutants showed improved activities only in higher temperatures (75–80°C). 
The temperature optima of cellobiohydrolases At Cel7A, Ct Cel7A and Ta Cel7A 
were close to each other, varying from 60 to 65°C (IV, Fig 3). All in all, the most 
active Cel7 enzyme in this study was Ct Cel7A (opt. 65°C, rate 226  1 min-1) 
(IV) and the second most active was the Te Cel7A mutant N54C/P191C (opt. 
65°C, rate 202  15 min-1) (III). 

3.5.2 Characterization of the activity on insoluble substrate 

The activity of the purified Cel7 enzymes (Ma Cel7B, Te Cel7A, At Cel7A, Ct Cel7A, 
Ta Cel7A and Tr Cel7A) and the mutated variants towards microcrystalline cellulose 
Avicel was determined at pH 5.0 (except Ma Cel7B at pH 6.0) in different 
temperatures. The activities of the thermostable mutants of Ma Cel7B were measured 
at elevated temperatures 70 and 75°C. The Ma Cel7B S290T mutant can hydrolyse 
crystalline cellulose at 70°C 2-fold more effectively than the Cel7B wt enzyme 
(II, Fig. 7a). At 75°C both Ma Cel7B mutants with an additional disulphide 
bridge (G4C/M70C and G4C/M70C/S290T) were clearly more active than the 
Cel7B wt or the S290T mutant, whereas the activities were similar to Ma Cel7B 
wt at 70°C (II, Fig. 7b), indicating that the improved thermostability also improves the 
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activity at elevated temperatures. In the case of Te Cel7A, the disulphide bridge 
mutant N54C/P191C, which showed higher activity than the wild-type on 
soluble substrate, was also more active on Avicel at 70°C than wild-type or the 
other mutants. However, at 75°C, both wild-type and N54C/P191C lost most of 
their activity and the other disulphide bridge mutants hydrolysed Avicel more 
efficiently. At 80°C, the only active enzyme in this study was the Te Cel7A 
triple-mutant (Publication III, Figs. 5A-C). 

The presence of a family-1 CBM increased the activity of all enzymes studied 
here as native 2-module versions (Ct Cel7A and Tr Cel7A) or fusion constructs 
(Ma Cel7B+Tr Cel7A CBM, Ta Cel7A+Tr Cel7A CBM and Ta Cel7A+Ct Cel7A 
CBM) (Publications II and IV). The Avicel activity results of each enzyme are 
shown in more detail in Publications I–IV. 

The hydrolysis of amorphous cellulose PASC in 45°C with the 2-module 
versions of At Cel7A, Ta Cel7A +Ct/Tr CBM and Tr Cel7A is shown in Publication 
IV, Fig. 5. In accordance with the Avicel hydrolysis studies, Ct Cel7A also had 
the highest activity on PASC. In general, PASC is a better substrate for all the 
tested cellulases. Contrary to Avicel solubilization, hydrolysis of amorphous 
cellulose is not invariably accelerated by the presence of CBM (unpublished 
results). The activities with the 2-module versions of Ct Cel7A and Ma Cel7B 
on PASC were slightly higher than the activities with the corresponding catalytic 
modules, whereas the two-module versions of Ta Cel7A and Tr Cel7A had 
similar or lower activity on PASC than the corresponding catalytic module. 

3.5.3 Comparison of activities on soluble and insoluble substrates 

To compare the activities of the one- and two-module versions of At Cel7A, Ct Cel7A, 
Ma Cel7B, Ta Cel7A and Tr Cel7A on soluble and insoluble substrates in 
different temperatures, the activities on Avicel at 45°C and 70°C and on MULac 
at 40°C and 70°C were plotted in the same graph (Fig. 9). The comparison 
revealed differences in the temperature behaviour of the thermostable enzymes. 
Ct Cel7A had high MULac activity but its Avicel activity was clearly 
diminished at high temperature. On the other hand, Ta Cel7A + CBMCtCel7A had 
retained its activity towards Avicel at elevated temperature. The MULac 
activities were measured during a short time period of 10 min, whereas Avicel 
hydrolysis results were from a long incubation of 17 h. Therefore differences in 
the temperature profiles could be due different stabilities during longer high 
temperature exposure. However, the unfolding temperatures (Tm) of these 
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enzymes, measured by CD (see section Thermostability), do not indicate any 
differences in the temperature stability of Ct and Ta Cel7A. This divergent 
behaviour with soluble and insoluble substrate might indicate differences in how 
these enzymes are stabilised by the substrate, or differences in product inhibition 
as a function of temperature. 
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Fig. 9. Degradation of Avicel and MULac by the one- and two-module versions of 
T. reesei-produced Ct Cel7A, At Cel7A, Ta Cel7A, Ma Cel7B, and Tr Cel7A. 1% Avicel 
(w/v) was mixed with 1.4 µM enzyme in 50 mM NaAc pH 5 or in 50 mM sodium phosphate 
pH 6 for Ma Cel7B. The soluble reducing sugars were measured after 17 h Avicel 
hydrolysis in 45°C (gray bar) and 70°C (light gray bar) with PAHBAH reagent using 
cellobiose as a standard and calculated as micromolar cellobiose released (Left Y-axis). 
MULac activity was measured at 40°C (▲) and 70°C (■) (Right Y-axis), using 0.12 µM 
enzyme and 3.2 mM substrate in pH 5. In both temperatures, the initial rates were 
determined during the first 10 min by taking samples at designated time points and 
stopping the reaction with 0.5 M Na2CO3, after which the fluorescence of the samples 
was measured and calculated from the standard curve as described in Materials and 
Methods. All data are averages of duplicate assays, with the range between duplicates 
shown as error bars. 
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3.6 Thermostability 

The unfolding temperatures of all the purified proteins in this study were 
measured by CD spectroscopy (I–IV). The results are summarised in Table 4. 
The results show clearly that the Te Cel7A mutants were the most thermostable 
enzymes in this study, the triple-mutant having a Tm of 84°C. The residual 
activities (at 22°C) of the purified Cel7 proteins were measured after different 
incubation times at 70°C to determine the half-lives (T1/2) of the enzymes (Table 4). 
The experiment was performed in the presence of 1mM DTT. Similarly to the 
Tm measurement experiment showed that the Te Cel7A triple-mutant was more 
stable than the other enzymes studied here. Cellobiohydrolases from GH-7 
family (Cel7) have been shown to refold after thermal treatment and regain most 
of their activity back (Publications I to IV and (Boer et al., 2000)). This has been 
attributed to the existence of the nine (or ten) S-S bridges in the catalytic 
modules of all known GH-7 family wild-type cellobiohydrolases. Due to the 
refolding, the residual activities of Cel7 cellobiohydrolases after heat treatment 
cannot be measured reliably without DTT (II). It was shown by CD experiments 
that 1mM DTT (supposed to break the S-S bridges at high temperature 
(Scigelova et al., 2001)) prevents the refolding after heat treatment, but does not 
affect the CD spectra or the activity at room temperature. Therefore, the addition 
of 1 mM DTT was used in the residual activity measurements (II and III). Table 
4 shows that the measured unfolding temperatures (without DTT) and the half-
life times (with DTT) for the different protein variants appeared to correlate. 
However, the possibility that the half-life time measurements would reflect (at 
least partially) the stabilising effect of the additional cysteines as such and not 
the disulphide bridges cannot be ruled out. 
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Table 4. Comparison of the unfolding temperature (Tm) and half-life time T1/2 of the Cel7 
enzymes characterized in this study. Tm was measured by CD spectroscopy. T1/2 was 
estimated by measuring the residual activity after incubation in 70°C in the presence of 
1 mM DTT. The assay conditions are presented in Materials and methods. 

Enzyme 
Variant 
(production host) 

Unfolding 
temperature 

(Tm) (°C) 

Half-life 
time T1/2 in 
70°C (min) Ref 

M. albomyces Cel7B wt (Tr) 68.0 ± 1 Nd 1 

 wt+CBM (Tr) 70.5 ± 1 Nd 1 

 wt (Sc) 68.5 ± 1 4 1 

 S290T (Sc) 70.0 ± 1 4 1 

 G4C/M70C (Sc) 71.0 ± 1 13 1 

 S290T/G4C/M70C (Sc) 72.5 ± 1 19 1 

T. emersonii Cel7A wt (Te) 74.0 ± 1 Nd 2 

 wt (Sc) 75.0 ± 1 30 2 

 wt, deglycosylated (Sc) 74.5 ± 1 15 2 

 G4C/A72C (Sc) 80.0 ± 1 270 2 

 N54C/P191C (Sc) 78.5 ± 1 150 2 

 T243C/A375C (Sc) 79.0 ± 1 90 2 

 triple mutant (Sc) 84.0 ± 1 320 2 

A. thermophilum Cel7A wt (Tr) 69.0 ± 1 Nd 3 

C. thermophilum Cel7A wt (Tr) 75.0 ± 1 21 3, 4 

 wt, catalytic module 
papain digest (Tr) 

71.0 ± 1 Nd 4 

T. aurantiacus Cel7A wt (Tr) 75.0 ± 1 31 3, 4 

 wt + Ct CBM (Tr) 75.0 ± 1 Nd 3 

 wt + Tr CBM (Tr) 75.0 ± 1 Nd 3 

T. reesei Cel7A wt (Tr) 65.0 ± 1 Nd 3 

 wt, catalytic module (Tr) 67.0 ± 1 Nd 4 

nd = not determined 

References: 1. Publication II, 2. Publication III, 3. Publication IV, 4. Sanni Voutilainen, 
unpublished 
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4. Discussion 

The aim of this work was to study the structure-function relationship of 
thermostable GH-7 family cellobiohydrolases and improve their stabilities and 
activities through protein engineering. Altogether five fungal Cel7 cellobio-
hydrolases derived from thermophilic, ascomycete fungi, were studied. T. reesei 
Cel7A was used as a reference enzyme. Three of these cellulases exist in nature 
as single module enzymes (Ma Cel7B, Ta Cel7A and Te Cel7A) and three as 
2-module enzymes having a catalytic module and a cellulose-binding module 
(Ct Cel7A, At Cel7A, Tr Cel7A). 

4.1 Heterologous expression of cellobiohydrolases in 
S. cerevisiae and effects of N-glycosylation 

The thermostability and activity of the single module enzymes Ma Cel7B and 
Te Cel7A were improved by using two different types of protein engineering 
methods; random mutagenesis and site-directed mutagenesis. Both mutagenesis 
strategies require a suitable protein expression method and especially random 
mutagenesis relies on expression hosts with a high transformation frequency. 
The Ma cel7B and Te cel7A genes were expressed in S. cerevisiae, since it has 
high enough transformation frequency (up to 106) and no endogenous 
cellobiohydrolase activities. Both Cel7 cellulases were expressed in the yeast 
with their own signal sequences, under a constitutive TPI promoter (Publications 
I, II and III). Although E. coli would have been an ideal host for directed 
evolution and other protein engineering purposes due to fast and convenient 
generation of mutants, S. cerevisiae was chosen as host, since the only published 
trials with E. coli have been reported to be unsuccessful: T. reesei Cel7A as well 
as T. emersonii Cel7A have been produced as inclusion bodies (Grassick et al., 
2004; Laymon et al., 1996). 
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One of the disadvantages of S. cerevisiae, as compared to the native 
filamentous fungal hosts, is its tendency to hyperglycosylate the extracellularly 
produced proteins by adding long mannose chains (up to 200 mannose residues) 
to the asparagine residues on the N-X-S/T recognitions sites (see also below). N-
Glycosylation is a co-translational protein modification that can affect protein 
structure. Protein folding may be altered or facilitated by addition of the 
carbohydrate to a partially folded nascent polypeptide, and the carbohydrate can 
also alter the properties of the mature protein (Imperiali and O'Connor, 1999). 
Several different heterologous expression hosts, including S. cerevisiae, Pichia 
pastoris, Aspergillus oryzae, A. niger and insect cells have been used for expressing 
fungal cellobiohydrolases and variable glycosylation has been reported to be a 
major limitation. Heterologous expression of T. reesei cellobiohydrolase Cel7A 
in S. cerevisiae and P. pastoris has been reported to suffer from low production 
levels and extensive over-glycosylation leading to reduced hydrolytic activity on 
polymeric substrates (Boer et al., 2000; Penttilä et al., 1988; Reinikainen et al., 
1995). Interestingly, the expression of T. reesei cellobiohydrolase Cel6A in 
S. cerevisiae has been more successful with 100 mg/l expression level, and only 
slightly reduced activity as compared to Cel6A produced in the native host 
(Penttilä et al., 1988). Tr Cel7A expression has also been demonstrated in insect 
cells (Trichoplusia ni), leading to a reasonable expression level of 20 mg/l, but 
again slightly reduced activity as compared to Cel7A produced in T. reesei apparently 
due to differences in glycosylation and/or processing of the recombinant enzyme 
(von Ossowski et al., 1997). Similar results (the recombinant enzyme having 
lower activity than the native Cel7A) have also been obtained with the 
filamentous fungi Aspergillus oryzae and A. niger, once more the explanation 
being glycosylation diverging from the native enzyme (Jeoh et al., 2008; 
Takashima et al., 1998). The N-glycosylation of T. reesei Cel7A from the native 
host can also vary considerably merely due to the cultivation conditions of the 
fungus. Three out of the four potential N-glycosylation sites (N45, N270 and N384) 
of the catalytic module are in fact glycosylated. Depending on the fermentation 
conditions these glycans are processed/hydrolysed unequally during the cultivation 
(Stals et al., 2004). T. reesei Cel7A has been shown to be also O-glycosylated by 
the native host. O-Glycosylation has been detected in the linker between the 
catalytic module and the CBM (Harrison et al., 1998). All the linker threonine 
and serine residues were found to be O-glycosylated with one to three mannose 
residues (Harrison et al., 1998). On the contrary to N-glycosylation, O-glycosylation 
in S. cerevisiae differs relatively little in size from T. reesei, since O-glycans in 
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S. cerevisiae are linear chains of five mannose residues (Tanner and Lehle, 
1987). Considering the complications that may be caused by differences in the 
N-glycosylation, understanding of this complex phenomenon would provide 
essential information for future protein production. Especially current efforts to 
express high levels of cellulases in S. cerevisiae for one-step conversion of 
crystalline substrate to ethanol would benefit from detailed knowledge of the 
causes and effects of hyperglycosylation. This consolidated bioprocessing (CBP) 
approach is considered to be one of the most promising strategies for commercial 
cellulosic bioethanol production (Banerjee et al., 2010; Lynd et al., 2002; Lynd 
et al., 2005). 

Protein expression of both the Ma cel7B and Te Cel7A genes in S. cerevisiae 
was successful in terms of production level; the concentration of Cel7 proteins in 
the culture supernatant was moderate (3–5 mg/l), but sufficient to allow initial 
characterization directly from the supernatants (Publications I, II and III). This 
latter aspect is particularly important for random mutagenesis studies, which 
involve screening of thousands of variants and requires reliable measurement of 
the activity from the supernatants without concentration or purification steps. 
Purification of the wild-type Ma Cel7B and Te Cel7A enzymes and the selected 
variants for a more detailed characterization could also be conveniently carried 
out from shake flask cultivations of the yeast clones. 

The properties of the yeast-produced cellulases were compared to those expressed 
in T. reesei (Ma Cel7B), or in the native hosts Melanocarpus albomyces (Ma Cel7B) 
and Talaromyces emersonii (Te Cel7A). The yeast-produced Ma Cel7B resembled 
the T. reesei-produced Ma Cel7B closely, showing almost identical properties 
(e.g. Tm and catalytic constants on soluble substrates) (Tables 3 and 4). Interestingly, 
only a minor fraction of the yeast-produced Ma Cel7B appeared to be glycosylated 
(Publications I and II), despite the two putative N-glycosylation sites (N5 and 
N320) present in and located on the surface of the Ma Cel7B catalytic module. 
Furthermore, no N-glycans could be detected in the Ma Cel7B 3D structure of 
(Parkkinen et al., 2008), solved using T. reesei-produced Ma Cel7B protein. 
Similarly to Ma Cel7B, Te Cel7A could be expressed in S. cerevisiae in a 
functional form, showing similar specific activity on MULac and thermostability 
(Tm) to that of the native Cel7A expressed in T. emersonii (Publication III). 
However, contrary to Ma Cel7B, Te Cel7A was clearly overglycosylated by 
yeast, leading to apparent increase of molecular weight by 4.6 kDa as judged 
from MALDI-TOF MS results. All three mutants seemed also to be 
overglycosylated in a similar manner (see SDS-PAGE in III, Fig. 2.). Te Cel7A 
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has two N-glycosylation sites on the catalytic module (N267 and N431), but 
located on different places as compared to Ma Cel7B. N-acetylglucosamine 
(GlcNAc) residues have been detected on both of them in the 3D structure 
(Grassick et al., 2004). 

The consensus sequence for an N-glycosylation site is N-X-S/T (were X is 
any amino acid except proline), but not all sites are N-glycosylated, since in 
addition to the recognition sequence neighbouring amino acids as well as the 
local 3D structure also play a role in recognition by the oligosaccharyl transferase 
that catalyzes asparagine-linked N-glycosylation (Yan and Lennarz, 2005). The 
local 3D structure around the N-glycosylation sites in Ma Cel7B does not give any 
indication of why they would not be glycosylated. In fact both the N-glycosylation 
sites are located in loop areas, which in general are considered preferable for N-
glycosylation (Imberty and Perez, 1995), although a more recent study has 
shown that N-glycosylation can occur on all types of secondary structures 
(Petrescu et al., 2004). In the case of Te Cel7A one of the N-glycosylation sites 
(N267) is located just before an alpha helix, which possibly increases the 
probability of N-glycosylation, as junction points of secondary structure elements 
have been found to be more prone to be occupied (Petrescu et al., 2004). 

It has been shown in a statistical analysis that the probability of an N-glycosylation 
site being occupied is slightly higher when the +2 position of the recognition sequence 
is threonine instead of serine (Petrescu et al., 2004). Both Ma and Te Cel7 
enzymes have one N-glycosylation site with threonine and one with serine in 
position +2. The amino acid sequence around the N-glycosylation sites N5 and 
N320 in Ma Cel7B have elements that reduce the probability of N-glycosylation, e.g. 
acidic amino acids in close proximity upstream from the N-glycosylation sites 
(Petrescu et al., 2004). Both Te Cel7A N-glycosylation recognition sites show 
elements that are expected to increase the probability of N-glycosylation, i.e. 
bulky, hydrophobic amino acids at position +3. The occurrence of non-polar 
residues in the -1 and -2 positions (here both in Ma Cel7B and Te Cel7A sequences) 
also increases the N-glycosylation probability. These slight differences may 
provide an explanation for the divergence seen in the N-glycosylation of the two 
yeast-expressed Cel7 cellobiohydrolases, but more thorough examination and 
site-specific mutations would be required to clarify the role of the individual 
amino acids near the N-glycosylation sites. 

Both the Ma Cel7B and Te Cel7A are single-module cellulases, which do not 
contain a CBM. When expressed in S. cerevisiae these catalytic modules were 
shown not to contain O-glycans since their molecular masses (detected with MS 
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and gel electrophoresis) after purification or enzymatic deglycosylation were nearly 
identical to their calculated molecular masses (II and III). This is in accordance to 
earlier studies of T. reesei Cel7A, which has been shown to be O-glycosylated 
only in linker region connecting the catalytic module and CBM (Harrison et al., 
1998). In the case of the two-module enzymes produced in T. reesei (Publications 
II and IV) it is likely that the linker regions are O-glycosylated with one to three 
mannose residues through threonine and serine residues similarly to T. reesei 
Cel7A (Harrison et al., 1998). The effect of these glycans to the properties of the 
different cellulases in this study remain unclear, because the addition of the 
linker and the CBM seemed to stabilize Ma Cel7B by 2.5°C, but Tm of Ta Cel7A 
remained unaltered, while the Tm value of the catalytic module of Tr Cel7A was 
higher than that of the full-length enzyme (Table 4). 

4.2 Structure-function relationships and overall 
comparison of the six Cel7 catalytic modules 

As shown in Table 2, the overall sequence identities of the six Cel7 catalytic 
modules studied vary between 50–81%, Ta Cel7A and Te Cel7A sharing the 
highest amino acid identity, and Tr Cel7A and Ma Cel7B the lowest. The 3D 
structures of the catalytic modules of three cellobiohydrolases in this study 
(Ma Cel7B, Te Cel7A and Tr Cel7A) have been solved and they all showed a 
similar, GH-7 family cellobiohydrolase fold (Divne et al., 1994; Grassick et al., 
2004; Parkkinen et al., 2008). The catalytic modules are composed in each case 
of two antiparallel β-sheets that stack onto each other to form a β-sandwich. The 
substrate binding and catalytic site is in a 50Å long tunnel formed by altogether 
6 loops (loops 1–6, III, Fig. 1) protruding from the β-sandwich. The overall 
structure is stabilized by nine (Ma Cel7B and Te Cel7A) or ten (Tr Cel7A) 
disulphide bridges, which are located between conserved residues. The complex 
structures of Ma Cel7B and Tr Cel7A have shown that the substrate-binding 
tunnel contains 9–10 glycosyl binding sites, numbered from -7 to +2 or +3 
(Divne et al., 1998; Parkkinen et al., 2008). The glycosyl binding sites are lined 
with amino residues that form hydrogen bonds with the sugar units as well as 
conserved tryptophan residues at subsites -7, -4, -2, and +1, which provide 
stacking interactions with the sugar rings. The catalytic site is located between 
subsites -1 and +1, where the conserved catalytic residues E212 and E217 (in 
Tr Cel7A numbering) are located approximately on opposite sites of the cleaved 
glycosidic linkage. In addition to the nuclophile (E212) and proton donor 
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(E217), D214 is assumed to assist the hydrolysis by controling the correct 
positioning and the protonation state of E212. The roles of the three conserved 
carboxylic acid residues have been studied by site-directed mutagenesis of 
Tr Cel7A (Divne et al., 1998; Ståhlberg et al., 1996). These three amino acids 
are in similar positions in Ma Cel7B and Te Cel7A and are proposed to function 
in a similar manner. 

The homology models built for the At Cel7A, Ct Cel7A and Ta Cel7A catalytic 
modules (Publication IV) share the main structural features of the above-
mentioned Cel7 cellobiohydrolase structures. The amino acid residues lining the 
active site tunnel are highly conserved and the three carboxylic acid residues 
around the putative catalytic site are in each case conserved. 

4.2.1 Differences detected in the Cel7 catalytic module structures 
and function 

Concerning the six loop structures forming the active site tunnel of Cel7 
cellobiohydrolases, there was relatively little variation in the lengths of the loop 
structures forming the active site tunnels of the six Cel7 enzymes studied, but 
somewhat more variation in the amino acid compositions of the loops. The 
biggest differences were observed at the entrance of the substrate binding tunnel 
(see residues 99 to 104 (Tr Cel7A numbering) in the sequence alignment, Fig 8). 
This loop 2 is conserved in length in At, Ct and Ma Cel7 and has one residue 
insertion when compared to Ta and Tr Cel7A and a four residue insertion when 
compared to Te Cel7A. In particular this loop area of Ct Cel7A is almost 
identical in Ma Cel7B, containing only one conservative amino acid substitution. 
The difference in the loop length is expected to change the geometry of the 
tunnel entrance around the -7 subsite, with the result that At, Ct and Ma enzymes 
have a more closed entrance area than Ta Cel7A, Tr Cel7A and especially 
Te Cel7A. Furthermore, Ta and Te Cel7A have a tyrosine residue (Y47) located 
close to the entrance, opposite to loop 2, possibly creating an additional substrate 
binding subsite, -8, as suggested for P. chrysosporium Cel7D (Munoz et al., 
2001). Tyrosine residue Y100 at the tip of the loop 2 in Ma Cel7B, which is also 
seen at a similar position in At and Ct Cel7A structural models, has been 
proposed to have similar role of guiding of the cellulose chain into the tunnel as 
that of the residue Y47 in P. chrysosporium Cel7D (Parkkinen et al., 2008). 

There are also structural differences at the other end of the tunnel, near the 
product site, which might be related to differences detected in the end-product 
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(cellobiose) inhibition (Table 3). The amino acids which are directly in contact 
with the product at subsites +1 and +2 (D214, E217, H228, T246, R251, D259 
and R394 in Tr Cel7A numbering) are conserved in At, Ct, Ta, Te and Tr Cel7A, 
and the only difference was detected in Ma Cel7B, which had a single conservative 
substitution Asp259Asn. However, there are differences at the tunnel exit region 
around the suggested +3 and +4 sites of Tr Cel7A (Divne et al., 1998). 
According to 3D structural data these additional subsites +3 and +4 are not 
formed in Ma Cel7B, as the D338 (deleted in Tr Cel7A) prevents the binding of 
glycosyl units beyond subsite +2 (Parkkinen et al., 2008). Interestingly, the 3D 
structural models of At, Ct and Ta Cel7A enzymes (IV) and the known Te Cel7A 
3D structure suggest a similar arrangement, showing either an aspartic acid or an 
asparagine residue at this position. However, these putative structural differences do 
not appear to correlate with the differences detected in the product inhibition, as the 
characteristic feature of Ma Cel7B is very strong product inhibition (Ki = 6 µM), 
whereas the structurally similar (and possibly also lacking the subsites +3 and 
+4) At, Ct, Ta, Te Cel7A enzymes have clearly weaker cellobiose inhibition (Ki 
values from 39 µM up to 180 µM (Table 3 and (Tuohy et al., 2002)). The 
Tr Cel7A inhibition constant (20 µM) falls between these extremes. 

The activities of the Cel7 wild-type enzymes measured at 22°C on soluble, 
chromophoric substrates demonstrated that Ct Cel7A, as the most active enzyme 
in this study, was almost ten times more active on MULac and 19 times more 
active on CNPLac than Ma Cel7B (Table 3). The activities of the other Cel7 
cellobiohydrolases fell between these two enzymes. The low activity of Ma Cel7B is 
not easily explainable from the 3D structure, as the catalytic and surrounding amino 
acid residues are identical in the Tr Cel7A complex structures (Parkkinen et al., 
2008). As discussed in (Parkkinen et al., 2008), the lower activity might be due 
to slightly different binding of the substrate and product, caused by small 
changes throughout the 3D structure resulting in minor changes in the positions 
of active site residues. 

Concerning microcrystalline cellulose hydrolysis, the best cellobiohydrolase 
at 45°C was Ct Cel7A. After 24h hydrolysis Ct Cel7A solubilised 10% of Avicel, 
whereas Ma Cel7B + Tr CBM solubilised only 3%, the yields from At Cel7A, Ta 
Cel7A+Tr/Ct CBM and Tr Cel7A being 6–8%. Factors contributing to the good 
performance of Ct Cel7A on Avicel could include an optimal active site tunnel 
structure and a relatively low cellobiose inhibition combined with a high-affinity 
CBM (see also below). However, Ta Cel7A+Ct CBM was the most effective 
enzyme for microcrystalline cellulose hydrolysis at elevated temperature (70°C), 
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even though it has similar unfolding temperature to Ct Cel7A. Similar result was 
obtained also with the catalytic modules of Ct Cel7A and Ta Cel7A, as Ta Cel7A 
had the highest hydrolysis efficiency in 70°C (unpublished results). The high 
activity of Ta Cel7A in 70°C could result from better stabilization by polymeric 
substrate or from differences in the product (cellobiose) inhibition on the 
crystalline substrate. The fusion of Ta Cel7A with Tr CBM showed slightly 
reduced activity in the high temperature, indicating that the thermoactivity of 
Ta Cel7A+Ct CBM would also be partially related to the CBM and the linker. 
Direct comparison of the Avicel hydrolysis efficiency of the single-module 
enzyme Te Cel7A (Publication III, Fig. 6A), can be done only with another 
single-module enzyme Ma Cel7B (Publication II, Fig. 7A), which has been 
measured in similar conditions using 5% substrate at 70°C. The comparison 
reveals that the Te Cel7A wt is better on Avicel than Ma Cel7B. 

4.3 Role of CBM 

Degradation of highly-ordered crystalline cellulose by the two-module T. reesei 
Cel7A enzyme has been well characterized and the important role of the CBM in 
the adsorption and hydrolysis has been reported (Ståhlberg et al., 1991; van 
Tilbeurgh et al., 1986). However, there are some cellobiohydrolases which do 
not possess CBM in nature, for example the Ma, Ta and Te Cel7 enzymes 
studied here. When a CBM was linked to Ma and Ta Cel7 enzymes 
(Publications II and IV), a clear improvement in Avicel hydrolysis was detected. 
The three different CBMs in this study from At Cel7A, Ct Cel7A and Tr Cel7A 
belong to CBM-1 family and have conserved sequences. They all are 36 aa in 
length, and stabilized by 2 or 3 S-S bridges. Tr Cel7A CBM interacts with 
cellulose through a hydrophobic flat surface formed by conserved aromatic 
amino acids (Linder et al., 1995) called the binding surface. The aromatic amino 
acids in the binding face of Tr Cel7A CBM are Y5, Y31 and Y32 (Fig. 6), and 
due to the high sequence conservation the aromatic amino acids in the 
corresponding positions in At and Ct Cel7A CBMs (W5, W31 and Y32) are 
presumed to form a similar binding surface (boxed residues in the sequence 
alignment, Fig 8). High activity towards crystalline cellulose was reported to 
correlate to the high cellulose-binding affinity when Humicola grisea Cel7A 
CBM binding face was studied by mutagenesis (Takashima et al., 2007). The 
best binding (and activity) in that case was achieved with the same pattern of 
aromatic amino acids as seen in At and Ct Cel7A CBMs. The binding face 
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similar to Tr Cel7A CBM was slightly less favourable (Takashima et al., 2007). 
Similar differences between these two types of binding surfaces can be seen in 
the Avicel hydrolysis in this study, as the Ta Cel7A catalytic module fusion with 
Ct Cel7A CBM gave reproducibly slightly higher activities than the Tr Cel7A 
CBM fusion (Publication IV, Fig 4C). The differences detected between these 
fusion proteins could arise also from the differences in the liker region or the 
connection between the linker and the catalytic module. 

4.4 Thermostable mutants 

Although factors affecting the stability of protein structure have been well 
studied, the effects of individual mutations are difficult to predict. Instead of 
site-directed mutagenesis, the protein sequence can be subjected to random 
mutagenesis followed by functional screening for improved properties. Results 
from random mutagenesis can be used to study the relationship between the 
primary sequence and the properties of the folded protein. When the mutations 
in the nine thermostable Ma Cel7A mutants, discovered from the random mutant 
library (Publication I), were evaluated using the 3D structure, the potential role 
in stabilization of three individual amino acid substitutions (A30T, G184D and 
S290T) could be rationalized (I). Mutation G184D appeared to stabilize the structure 
by forming an additional salt-bridge with K186, because of the mutation the 
negatively charged aspartate was placed in close proximity to a positively charged 
lysine. Such electrostatic interactions have often been reported to be the most 
prominent differences between mesophilic and thermophilic protein structures 
(see section 1.6.2 Structural reasons for higher thermostability and for example 
(Karshikoff and Ladenstein, 2001). Substitutions A30T and S290T appear to 
improve packing through filling a cavity in the interior of the protein. Cavity 
filling has often been used as one of the strategies for site-directed mutagenesis 
to improve thermostability. For example, the thermostablility of chicken lysozyme 
was significantly increased by cavity filling mutations, making the hydrophobic 
core of the protein more compact (Shih and Kirsch, 1995). However, other studies 
(Bueno et al., 2006; Eijsink et al., 1992) have shown that cavity filling mutations 
can have more moderate effects on the thermostability than expected, suggesting 
that even small substitutions require some destabilising rearrangements, and that 
mutations can have both negative and positive effects on stability. In general, 
there are numerous possibilities to introduce mutations of this type into a protein 
structure, and it would have been difficult to design them without random mutagenesis 
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and functional screening. In the case of S290T mutation, sequence alignment of 
the GH-7 family could also have been used to identify it as a stabilising 
mutation, since most of the cellobiohydrolases in the GH-7 family have a threonine 
residue at the corresponding position. This observation supports the solidity of 
the consensus concept for finding stabilizing mutations; according to Lehmann 
(Lehmann and Wyss, 2001) stability can be improved by designing amino acid 
substitution for one that is predominant in the family. However, such a sequence 
analysis also generates many other equally good candidates. 

The rational mutagenesis in this study included rigidifying mutations (S-S 
bridges) for thermostability. All six disulphide bridges in Ma Cel7B and Te Cel7A 
catalytic modules were designed on the surface of the proteins, on flexible loops 
near or forming the active site tunnel of the Cel7 enzymes (II, III). Flexibility of 
these sites was indicated by high crystallographic thermal factors (III) or by the 
location close to the N-terminal end of the polypeptide chain (II, III). Flexible 
surface loops have been found to function as initiation points for the thermal 
unfolding process, allowing solvent penetration in the core of the protein leading 
to unfolding (Colombo and Merz, 1999), which suggests that it might be 
possible to improve the thermostability by restricting the mobility of the loops. 
In addition, the placement of the S-S bridges in flexible sites allows local re-
adjustment to optimal disulphide bridge geometry and minimization of the 
interference caused by cysteine residues (Matsumura et al., 1989). 

One of the individual S-S mutants in Te Cel7A (G4C/A72C, located near the 
N-terminus), which led to the greatest improvement in the unfolding temperature 
(∆Tm = 5°C), was also shown to increase the thermostability of Ma Cel7A (∆Tm 
= 2.5°C) (II, III). This disulphide bridge apparently stabilizes the structures by 
fixing the N-terminus of the polypeptide chain close to the protein core. In 
general, both the number and positions of the S-S bridges are strictly conserved 
in GH-7 family cellobiohydrolases, most of them containing 9, and some 10 S-S 
bridges. Both Ma Cel7B and Te Cel7A contain 9 S-S bonds in nature (Grassick 
et al., 2004; Parkkinen et al., 2008). The position of the 10th S-S bond was 
adopted from Tr Cel7A structure. As the addition of the 10th disulphide bridge 
clearly improved the thermostability and thermoactivity of the two cellobiohydro-
lases studied here, it could be a general concept to stabilize GH-7 family 
cellobiohydrolases lacking the 10th S-S bridge. 

The other S-S bridge mutations in Publication III, which improved the 
thermostability of Te Cel7A (N54C/P191C and T243C/A375C) stabilize the 
tunnel-forming loops 1 (residues 41–59), 3 (residues 175–205), 4 (residues 228–252) 
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and 6 (residues 373–398). The Tm values of these mutants were improved by 
3.5°C (from 75°C to 78.5°C) and 4°C (from 75°C to 79°C), respectively, in 
addition to clearly prolonged half-life times (t1/2 DTT) (III). Disulphide bridge 
C54-C191 connects the neighbouring loops 1 and 3 on one side of the tunnel, 
whereas disulphide bridge C243-C375 connects the loops 4 and 6 across the 
substrate binding tunnel. The restricted mobility of the loops 1 and 3 also led 
somewhat surprisingly to improved activity against both soluble and insoluble 
substrate, whereas the S-S bridge mutant T243C/A375C, in which the loops 4 
and 6 were attached to each other over the substrate binding tunnel, had lower 
activity on crystalline cellulose than the wild-type enzyme, except in high 
temperature (75°C), when the wild-type enzyme had already lost most of its 
activity due to thermal unfolding. Interestingly, the product profile Avicel 
hydrolysis of T243C/A375C mutant was identical to that of the wild-type 
enzyme; both enzymes produced mainly cellobiose and low amounts of glucose 
and cellotriose. These results would indicate that the full flexibility of the loops 
4 and 6 is not crucial for the mode of action of Te Cel7A, differing for example 
from bacterial cellobiohydrolases belonging to the GH-6 family (Zhang et al., 
2000), in which added disulphide bridges in the tunnel-forming loops caused 
weaker binding to ligands and lower activities and processivity. These three 
additional disulphide bridges were combined in a single Te Cel7A mutant 
(Publication III), resulting in a highly thermostable Cel7A which could hydrolyse 
microcrystalline cellulose (Avicel) at 80°C. To our knowledge this is the highest 
hydrolysis temperature obtained for any GH-7 cellobiohydrolases. The effects of 
the mutations were at least partially additive, since the triple mutant demonstrated 
9°C improvement in Tm, while the individual S-S mutants improved the Tm by 
3.5 to 5°C. The triple mutant had the highest Tm (84°C) reported for any GH-7 
cellobiohydrolases. 
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5. Conclusions and future perspectives 

The growing energy demand and the need for decreasing dependence on fossil 
fuels are great challenges. Sustainable energy production and reduction of oil 
dependence will require new applications, and biotechnology has been shown to 
have high potential. The production of bioethanol for transportation fuel is 
already a well established technology. However, the current systems utilising 
sugar cane (Brazil) and corn (US) as raw materials compete with food and feed 
production and are therefore not accepted as the ultimate solution for fulfilling 
the world’s energy demand. Production of bioethanol from cellulosic raw 
materials would open opportunities for the use of non-food raw materials such as 
all kinds of wood and other biomass feedstock such as agricultural waste. 
Ethanol production from cellulose based materials still requires research and 
development and is not currently in commercial production. Cost-effective 
ethanol production from these raw materials would benefit from more efficient 
hydrolysis by novel or improved cellulases. For bioethanol production, as well 
as for other industrial applications in which cellulases are utilised, both 
improved stability and activity would be advantageous. 

Altough heterologous expression of fungal Cel7 cellobiohydrolases has been 
difficult leading to low production levels and over-glycosylated product; here the 
expression of both the single-module enzymes tested, Ma Cel7B and Te Cel7A 
proved to be successful, thus allowing proper protein engineering studies. Two 
different mutagenesis strategies, random- and site-directed mutagenesis, were used 
to improve the thermostabilities and activities of these fungal cellobiohydrolases. 
Substantial improvement was achieved especially by site-directed mutagenesis; 
Te Cel7A mutant containing three additional disulphide bridges was active 
against crystalline cellulose substrate even at 80°C and had an unfolding 
temperature of 84°C, the highest reported for an enzyme belonging to GH family 
7. It is probable that by fusing a fungal CBM to this Te Cel7 mutant (catalytic 
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module), one could create a fully active thermostable enzyme on crystalline 
substrates, similarly as shown with Ma Cel7B and Ta Cel7A fusion enzymes. 

The screening system developed in this study can be used to obtain mutants 
that are advantageous for industrial applications. In future, random mutagenesis 
can be used more efficiently, since development of gene synthesis technology 
has enabled production of precisely specified libraries of variant genes. It 
become evident that the Cel7 enzymes behave differently on soluble and 
insoluble substrates at high temperatures, which might indicate differences in 
how the cellobiohydrolases are stabilized by the polymeric substrate or 
differences in product (cellobiose) inhibition as a function of temperature. Thus, 
it is of importance to use the application conditions, e.g. real substrate and 
temperature as early as possible in the HTS screenings. 

In addition to the mutagenesis studies, new fungal cellobiohydrolases were 
cloned and characterized in order to identify enzymes which would be highly 
active on insoluble cellulose. The kinetic and stability properties of these three 
cellobiohydrolases were compared to those of one of the best characterised 
cellobiohydrolases, Cel7A from T. reesei and their 3D structures were studied 
through homology models. As evident all three Cel7 cellobiohydrolases were 
better than the reference enzyme in terms of both thermostability and activity on 
crystalline substrate, and are promising enzymes for application purposes. 
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